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SUMMARY 
M o b i l i t y  and r e s t r a i n t  equipment t o  d a t e  has  been designed 
f o r  r e l a t i v e l y  smal l  volume s p a c e c r a f t ,  I n  t h e s e  v e h i c l e s ,  t h e  
crew i s  always w i t h i n  touch d i s t a n c e  of i n s t a l l e d  equipment and 
work a r e a s ,  I n  a n t i c i p a t i o n  of l a r g e r  and more spac ious  space-  
c r a f t ,  a  NASA m o b i l i t y  and r e s t r a i n t  concept  was des igned and 
p r o t o t y p e  a r t i c l e s  were f a b r i c a t e d ,  These a r t i c l e s  a r e  known a s  
s h u f f l e r s  and use  permanent magnets f o r  a  normal h o l d i n g  f o r c e .  
The concept  u t i l i z e s  a  s h u f f l i n g  t echn ique  where bo th  f e e t  
m a i n t a i n  c o n s t a n t  c o n t a c t  w i t h  t h e  s u r f a c e ,  The s h u f f l e r ' s  
major  a p p l i c a t i o n  w i l l  be i n  t r a n s p o r t i n g  bulky equipment and 
a s s i s t i n g  i n  equipment moni to r ing  and ad jus tments ,  
A f o r c e  a n a l y s i s  was performed f o r  each  proposed use  of 
t h e  s h u f f l e r  t o  e s t a b l i s h  r e q u i r e d  magnet ic  a t t r a c t i v e  f o r c e s  
f o r  s t a b i l i t y .  A magnet ic  a n a l y s i s  was then  performed t o  e s t a b -  
l i s h  t h e  des ign  parameters  of t h e  magnet ic  c i r c u i t  necessa ry  t o  
a c h i e v e  t h e  r e q u i r e d  f o r c e s .  Four e n g i n e e r i n g  e v a l u a t i o n  models 
were f a b r i c a t e d  and each was e v a l u a t e d  i n  e i t h e r  a  s ix -degree-  
o f  freedom s i m u l a t o r  o r  a  n e u t r a l  buoyancy t a n k  t o  s i m u l a t e  
z e r o - g r a v i t y  usage,  T e s t i n g  r e s u l t s  f i n a l i z e d  t h e  a c t u a l  
s h u f f l e r  c o n f i g u r a t i o n ,  Design drawings were p repared  and two 
p r o t o t y p e  s h u f f l e r s  were f a b r i c a t e d .  I n  a d d i t i o n ,  a  f l o o r  
s p e c i f i c a t i o n  was e s t a b l i s h e d  f o r  u s e  w i t h  t h e  s h u f f l e r .  
It was reasonab ly  a s s u r e d  from p r e l i m i n a r y  t e s t i n g  t h a t  i n  
ze ro  g r a v i t y  t h e  s h u f f l e r  can p r o v i d e  man w i t h  t h e  c a p a b i l i t y  
of m a i n t a i n i n g  body p o s i t i o n  w h i l e  do ing  u s e f u l  t a s k s  and t r a n s -  
p o r t i n g  himself  and o b j e c t s  of v a r i o u s  s i z e s  wi thou t  u s i n g  h i s  
hands f o r  p r o p e l l i n g  f o r c e s ,  It i s  recommended t h a t  t h e  s h u f f l e r  
be f u r t h e r  e v a l u a t e d  on RC-135 p a r a b o l i c  f l i g h t s ,  I f  t h e s e  
t e s t s  con t inue  t o  conf i rm t h e  u s e f u l n e s s  of t h e  s h u f f l e r  a s  a  
m o b i l i t y  and r e s t r a i n t  a i d ,  we recommend t h a t  t h e  s h u f f l e r s  be 
i n c o r p o r a t e d  i n  an experiment package f o r  f u r t h e r  t e s t i n g  on an  
e a r l y  AAP f l i g h t ,  
I, INTRODUCTION 
Since  t h e  d u r a t i o n  of space f l i g h t s  w i l l  be lengthened i n  t h e  
n e a r  f u t u r e ,  a d d i t i o n a l  s p a c e c r a f t  volume w i l l  be r e q u i r e d  t o  a c -  
commodate t h e  equipment needed t o  suppor t  such a  miss ion .  The 
l a r g e r  volume s p a c e c r a f t  w i l l  r e q u i r e  a  m o b i l i t y  and r e s t r a i n t  
d e v i c e  t o  a i d  t h e  crewman i n  pe r fo rming  h i s  z e r o - g r a v i t y  t a s k s  and 
exper iments ,  Th i s  m o b i l i t y  and r e s t r a i n t  dev ice  must be des igned  
t o  o f f e r  t h e  crewman a s  much o r  a s  l i t t l e  r e s t r a i n t  a s  deemed 
n e c e s s a r y ,  I n  a d d i t i o n  t o  be ing  s imple  and compact, t h e  d e v i c e  
shou ld  p rov ide  a  s imple  i n t e r f a c e  w i t h  t h e  u s e r .  
The m o b i l i t y  and r e s t r a i n t  d e v i c e  developed, des igned ,  f a b r i -  
c a t e d ,  and t e s t e d  a t  t h e  Mar t in  M a r i e t t a  Corpora t ion  d u r i n g  t h i s  
c o n t r a c t  o f f e r s  a l l  t h e  above advantages .  The dev ice  i s  known a s  
t h e  " s h u f f l e r "  and i s  a  shoe t h a t  s l i p s  on a s  primary foo twear ,  
Permanent magnets a r e  embedded i n  s p e c i f i c  a r e a s  of t h e  s o l e  and 
a r e  s i z e d  t o  meet a t t r a c t i v e  f o r c e  requ i rements .  
Flagnetic a t t r a c t i o n  has  been used p r e v i o u s l y  a s  a  m o b i l i t y  
d e v i c e ,  b u t  i t s  u s e  h a s  been more o r  l e s s  conf ined t o  an  e a r t h -  
o r i e n t e d  g a i t .  The s h u f f l i n g  t echn ique ,  a s  t h e  name i m p l i e s ,  
d e v i a t e s  s i g n i f i c a n t l y  from p r e v i o u s  concepts .  Here, both  f e e t  
remain i n  cont inuous  c o n t a c t  w i t h  t h e  f e r r o u s  s u r f a c e  t o  a s s u r e  
con t inuous  s t a b i l i t y ,  A low c o e f f i c i e n t  of f r i c t i o n  m a t e r i a l  i s  
p l a c e d  i n  t h e  b a l l  a r e a  of t h e  f o o t  and a  h i g h  c o e f f i c i e n t  of 
f r i c t i o n  m a t e r i a l  i s  p l a c e d  i n  t h e  h e e l  and t o e  a r e a s .  The 
s h u f f l i n g  movement i s  f a c i l i t a t e d  by a  permanent magnet i n  t h e  
b a l l  a r e a  of t h e  f o o t ,  The magnet h a s  s u f f i c i e n t  s t r e n g t h  t o  
m a i n t a i n  c o n t a c t ,  bu t  i s  n o t  s t r o n g  enough t o  impede t h e  s l i d i n g  
motion r e q u i r e d  f o r  t h i s  mode o f  t r a n s p o r t a t i o n ,  See F ig .  1-1, 
The major use  of t h e  s h u f f l e r s  could  be i n  t r a n s p o r t i n g  bulky 
o r  h i g h  i n e r t i a  equipment, Some t r a n s p o r t  concepts  a r e  shown on 
P i g ,  1 - 2 ,  I n  c a s e s  when o n l y  t h e  i n d i v i d u a l  i s  invo lved ,  a  f r e e -  
f l y  o r  swimming mode can be used.  The shoes  a r e  so  conceived a s  
t o  f a c i l i t a t e  easy  s e p a r a t i o n  from t h e  f l o o r  f o r  t h i s  mode, 
The s h u f f l e r s  can g r e a t l y  a s s i s t  i n  equipment moni to r ing  and 
making adjus tments .  F i g ,  1-3 i n d i c a t e s  some of t h e  p o s s i b l e  capa-  
b i l i t i e s ,  As shown i n  t h e  e r e c t  p o s i t i o n ,  t h e  wearer  can o p e r a t e  
e s s e n t i a l l y  i n  an e a r t h - l i k e  c o n d i t i o n ,  Once t h e  s h u f f l e r s  a r e  i n  
p l a c e ,  they may f u n c t i o n  i n  a  s i m i l a r  manner t o  f loor-mounted r e s -  
t r a i n t s  o r  "Dutch Shoes"; body t w i s t i n g ,  bending and s t r e t c h i n g  
a r e  r e a d i l y  accommodated, I f  ad jus tments  must be made o u t s i d e  o f  
t h e  man's r e a c h  whi le  i n  a  f i x e d  p o s i t i o n ,  s imple  s h o r t  s h u f f l i n g  




11, FORCE ANALYSIS 
A, DYNAMIC 
Magnetic a t t r a c t i o n  h a s  been used before  a s  a  m o b i l i t y  d e v i c e ,  
bu t  i t s  u s e  h a s  been more o r  l e s s  conf ined  t o  an " e a r t h - o r i e n t e d "  
g a i t ,  The s h u f f l i n g  t echn ique ,  a s  t h e  name i m p l i e s ,  d e v i a t e s  
s i g n i f i c a n t l y  from p r e v i o u s  concep t s ,  It h inges  on t h e  f a c t  t h a t  
i n  ze ro  g r a v i t y ,  i f  con t inuous  c o n t a c t  w i t h  b o t h  f e e t  i s  m a i n t a i n e d ,  
a  cont inuous  s t a b i l i t y  w i l l  r e s u l t .  The s h u f f l i n g  movement i s  
f a c i l i t a t e d  by h i g h  and low c o e f f i c i e n t  of f r i c t i o n  m a t e r i a l s  
p laceu  on t h e  h e e l  and b a l l  a r e a s  o f  t h e  f o o t  r e s p e c t i v e l y ,  The 
magnets i n  t h e  push ing  f o o t  ho ld  him t o  t h e  f e r r o u s  s u r f a c e ,  w h i l e  
t h e  moving f o o t ,  by s l i d i n g  t h e  f r o n t  magnet on t h e  s u r f a c e ,  p r e -  
v e n t s  h i s  o v e r t u r n i n g .  With t h i s  s h u f f l i n g  movement, t h e  a s t r o -  
n a u t ' s  hands remain f r e e  t o  h o l d  o r  push equipment, When s a i l i n g  
o r  f r e e  f l i g h t  i s  d e s i r e d ,  t h e  a s t r o n a u t  may r a i s e  himself  on h i s  
t o e s  t o  f r e e  h imse l f  of t h e  magnet ic  a t t r a c t i o n ,  Then by u s i n g  
t h e  h i g h  c o e f f i c i e n t  of f r i c t i o n  m a t e r i a l  on t h e  f r o n t  of t h e  
s h u f f l e r s ,  he  may push himself  i n t o  f r e e  f l i g h t ,  
I n  a n a l y s i s  o f  t h e  s h u f f l i n g  movement, t h e  p a t h  of t h e  t o t a l  
c e n t e r  of g r a v i t y  must be cons idered .  T h i s  i s  t h e  most e s s e n t i a l  
p a r t  of t h e  problem because  v e l o c i t y  and a c c e l e r a t i o n  o f  t h e  body 
a s  a  whole d e a l  w i t h  t h e  t o t a l  c e n t e r  of g r a v i t y ,  For  t h e  purpose  
of a n a l y s i s ,  i t  w i l l  be assumed t h a t  an a s t r o n a u t  could  s h u f f l e  
a l o n g  a t  an  average  pace of 1 f t / s e c ,  These assumptions  a r e  
based on a c t u a l  exper imenta l  mot ion s t u d i e s  i n  a  o n e - g r a v i t y  
s i t u a t i o n .  
F i g u r e  11-1, based on s t u d i e s  by Ar thur  S t e i n d l e r  (Ref I ) ,  
shows how t h e  v e l o c i t y  o f  t h e  t o t a l  c e n t e r  o f  g r a v i t y  v a r i e s  a s  
a  p e r s o n  s h u f f l e s  a t  an average pace  of 1 f t / s e c ,  By assuming 
c o n s t a n t  a c c e l e r a t i o n  u n t i l  t h e  average  s h u f f l i n g  pace i s  reached ,  
t h e  h o r i z o n t a l  f o r c e  r e q u i r e d  f o r  a  95 p e r c e n t i l e  man (196 l b )  
can be found w i t h  t h e  f o l l o w i n g  formulas :  
/ 
* 
Note: The l e t t e r s  "R'' and "L" s i g n i f y  when the  r i g h t  
~- 
and l e f t  h e e l  become s t a t i o n a r y  during shu f f l e .  
/ 
Fig.  11-1 Typica l  Veloc i ty  Curve of To ta l  Center of Gravi ty of a  Body 
Shuf f l i ng  a t  an  Average Veloc i ty  of  1 f t / s e c  
i n  g e n e r a l ,  
As can be seen  from t h e  fo rmula ,  the  p r o p e l l i n g  f o r c e  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  w e i g h t  o r  mass of  t h e  a s t r o n a u t .  
It might a l s o  be impor tan t  t o  p o i n t  o u t  t h a t  t h e  v e l o c i t y  of  t h e  
s h u f f l e  w i l l  have c o n s i d e r a b l e  e f f e c t  on t h e  p r o p e l l i n g  f o r c e  
r e q u i r e d .  The v e l o c i t y  used ,  t h e r e f o r e ,  was f o r  t h e  maximum 
comfor tab le  s h u f f l i n g  pace t h a t  was determined from motion s t u d i e s  
i n  a  o n e - g r a v i t y  environment .  The p r o p e l l i n g  f o r c e  r e q u i r e d  t o  
a c c e l e r a t e  v a r i o u s  men t o  a  s h u f f l i n g  pace of 1 f t / s e c  i s  shown 
i n  F ig .  11-2. For a  200- lb  man t h i s  f o r c e  would be 1 . 7 1  I b .  
2 .  P a s s i n g  a  Package 
Pushing may t a k e  p l a c e  i n  any p l a n e  and a p p l y  t o  any type  of  
o b j e c t .  E x a c t l y  where t h e  p r o p e l l i n g  f o r c e  i s  a p p l i e d ,  and t o  a  
c e r t a i n  e x t e n t  t h e  d i r e c t i o n  i n  which i t  i s  a p p l i e d ,  depend on 
t h e  o b j e c t  and i t s  p o s s i b i l i t i e s  f o r  movement. 
114 0 -18 Q. _ . 220 26 0 
Weight of  Astronaut ( l b )  
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Fig .  11-2 Propelling Force Required t o  Accelerate Various 
Men t o  a Shuffl ing Pace of  1 f t / s e c  
I n  z e r o - g r a v i t y  c o n d i t i o n s  t h e  l a r g e s t  f o r c e s  on t h e  s h u f f l e r  
w i l l  a r i s e  from p a s s i n g  and r e c e i v i n g  l a r g e  packages w i t h  a  maxi- 
mum mass of 150 l b .  From p a s t  exper ience  i n  l o w - g r a v i t y  a i r c r a f t  
f l i g h t s  and on m o b i l i t y  t r a n s p o r t  systems u t i l i z i n g  mechanical  
t r a n s p o r t e r s  on " f i r e m e n ' s  po les"  i n  z e r o  g r a v i t y ,  t h e  optimum 
speed f o r  p a s s i n g  l a r g e  o b j e c t s  i n  z e r o  g r a v i t y  i s  approx imate ly  
1 . 5  f t / s e c .  The a s t r o n a u t  w i l l  a c c e l e r a t e  t h e  package from r e s t  
t o  1 . 5  f t / s e c  w i t h  h i s  arms (assume t h e  r e s t  of h i s  body t o  be 
r i g i d ) .  It w i l l  be a  uniform a c c e l e r a t i o n  t h a t  w i l l  t a k e  p l a c e  
i n  an  a rm ' s  l e n g t h  (approximately  2 f t )  and a t  s h o u l d e r  h e i g h t .  
Analysis  w i l l  be shown f o r  v a r i o u s  p e r c e n t i l e  men w i t h  d i f f e r e n t  
s t a n c e s .  
To a c c e l e r a t e  a  150- lb  package t o  1 . 5  f t l s e c  r e q u i r e s  t h e  
fo l lowing  f o r c e :  
and 
Man a c c e l e r a t e s  a  150- lb  package t o  1 .5  f t / s e c  w i t h i n  2 f t  
a t  shoulder  h e i g h t .  Assume s t a n c e  (dl)  of 1 2  i n .  
Force  a c t i n g  on r i g i d  
man shown 
let 
dl = 12 in., 15 in., 18 in. 
Figure 11-3 illustrates the magnetic attractive force re- 
quired for different percentile men to accelerate a 150-lb pack- 
age to 1.5 ft/sec within a distance of 2.0 ft. This shows the 
maximum attractive force required per shuffler to be 13.6 lb for 










A 95 percentile man accelerates packages to 1.5 ft/sec within 
a distance of 2 ft. The man has a stance of 15 in. and assumes 
rigid body position except for his arms, which accelerate packages. 
The packages are moved at 59.5-in. shoulder height. See Fig. 11-4 
for magnetic attraction required for the 95 percentile man to 










Magnetic Shoe Attractive Force (lb) 
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P e r c e n t i l e  
F i g .  11-3 Magnetic A t t r a c t i v e  Force  Required f o r  D i f f e r e n t  
P e r c e n t i l e  Men t o  A c c e l e r a t e  a  150- lb  Package 
t o  1. 5 f t / s e c  i n  2 f t  

where m i s  v a r i a b l e  
ma (59.5) = Nl (15) N1 i s  dependent  on m 
where 
N1 = magnet ic  a t t r a c t i o n  of shoes  ( l b )  
W = weigh t  of package ( l b ) .  
3 ,  Receiving a  Package 
The r e c e p t i o n  o f  a package c a n ,  i n  many r e s p e c t s ,  be v e r y  
s i m i l a r  t o  p a s s i n g  a  package. I n  f a c t ,  t h e  a n a l y s i s  used i n  
r e c e i v i n g  a  package would be  i d e n t i c a l  t o  t h a t  of p a s s i n g  a  
package i f  t h e  package were caught  a t  s h o u l d e r  l e v e l  w i t h  ex-  
tended arms. 
For t h e  purpose of our a n a l y s i s ,  c o n s i d e r  a n o t h e r  mode o f  
r e c e p t i o n ,  namely t h e  manner i n  which a  f o o t b a l l  p l a y e r  c a t c h e s  
a  f o o t b a l l .  The a s t r o n a u t  would r e c e i v e  t h e  package near  t h e  
m i d s e c t i o n ,  o f f e r i n g  l i t t l e  r e s i s t a n c e  w i t h  h i s  arms, His body 
would remain r i g i d  b u t  would be moved i n  t h e  d i r e c t i o n  of t r a v e l  
of t h e  package. A s t e a d y  moment would be  t r a n s m i t t e d  from t h e  
s h u f f l e r s .  The moment would g r a d u a l l y  s t o p  t h e  package and t h e  
a s t r o n a u t ' s  body movement. 
We w i l l  assume t h a t  150-lb package moving a t  a  v e l o c i t y  of 
1.5 f t / s e c  s t r i k e s  t he  a s t ronau t  a t  t he  midpoint between h i s  
shoulder j o i n t  (81.16% of h i s  he igh t )  and h i s  c e n t e r  of g r a v i t y  
(55.27% of h i s  h e i g h t ) ,  o r  a t  a  l e v e l  of 68.22% of h i s  he ight .  
A t  t h i s  po in t ,  t h e  impul-se-momentum r e l a t i o n  w i l l  be used a s  
follows: 
It i s  noted t h a t  t he  package has a t t a i n e d  a  momentum of 
Now, t h i s  i s  equal t o  t h e  impulse (F At)  b u t  we have no r e l a -  
t i o n  between the  two unknowns F  and At. By s i z i n g  the  magnetic 
a t t r a c t i o n  of t he  shoes,  however, the  cons tan t  fo rce ,  F, can be 
determined. The sum of moments must equal  zero ,  o r ,  Fd2 = Ndl. 
d2 = 0.6822 (75 in,) 
= 51.2 in .  for 99 
percentile man 
From t h e  p rev ious  s e c t i o n ,  we have s i z e d  magnet ic  shoes f o r  
v a r i o u s  s t a n c e s  (d l ) ,  To de te rmine  t h e  l a r g e s t  f o r c e ,  F ,  pos- 
s i b l e ,  t h e  v a l u e s  of magnet ic  a t t r a c t i o n  f o r  t h e  99 p e r c e n t i l e  
man from Fig.  11-3 should be used.  For i n s t a n c e ,  f o r  a  1 2 - i n .  
s t a n c e  (dl = 12 i n , ) ,  t h e  magnet ic  a t t r a c t i o n  N would be 13.6 11. 
and F  would be a s  fo l lows :  
This smal l  c a l c u l a t i o n  p o i n t s  o u t  a  v e r y  i n t e r e s t i n g  r e l a t i o n ,  
i n  t h a t  t h e  lower an a s t r o n a u t  r e c e i v e s  a  package t h e  more a p t  h e  
i s  t o  s l i d e  o r  s k a t e  backwards, This happens s i n c e  t h e  r e a c t i v e  
h o r i z o n t a l  f r i c t i o n  f o r c e  h o l d i n g  t h e  a s t r o n a u t  s t a t i o n a r y  must 
become l a r g e r ' t o  compensate f o r  t h e  s m a l l e r  moment arm a t  t h e  
p o i n t  of r e c e p t i o n .  This i n  t u r n  a l s o  p o i n t s  t o  t h e  need of 
l o c a t i n g  t h e  magnets i n  t h e  proper  a r e a  of t h e  s h u f f l e r ,  a  t o p i c  
t h a t  w i l l  be covered l a t e r .  
To r e t u r n  t o  t h e  movement of t h e  body on r e c e p t i o n  of t h e  
package, t h e  t ime r e q u i r e d  t o  b r i n g  t h e  package t o  r e s t  w i l l  be 
a s  fo l lows :  
F At = mV = 6.98 l b - s e c  
b u t  F = 3.19 l b  
t h e r e f o r e  nt = ------ 6 * 9 s  - 2.13 s e c  3 . 1 9  
The d i s t a n c e  of body t r a v e l  a t  p o i n t  o f  r e c e p t i o n  i s ,  
Therefore,  t h e  a s t r o n a u t ' s  body a t  the  po in t  of r ecep t ion  w i l l  
move i n  the d i r e c t i o n  of t r a v e l  of t he  package a  d i s t a n c e  of 1.65 
f t .  Of course t h i s  c a l c u l a t i o n  does no t  account f o r  t he  shock 
absorbing t h a t  the  arms of t he  a s t ronau t  w i l l  have i n  slowing the  
package before  i t  s t r i k e s  h i s  midsect ion,  b u t  d e a l s  w i t h  the  worst  
poss ib l e  s i t u a t i o n  where the  arms a r e  no t  used a t  a l l .  See Fig. 
11-5 f o r  r e a c t i v e  ho r i zon ta l  f r i c t i o n  fo rce  r equ i r ed  f o r  var ious  
po in t s  of r ecep t ion  on a  99 p e r c e n t i l e  man r ece iv ing  a  150-lb 
package moving a t  1.5 f t / s e c .  Assuming the  a s t r o n a u t  r ece ives  
t he  package no lower than  h i s  cen te r  of  g r a v i t y ,  t he  l a r g e s t  
f o r c e  developed would be approximately 3.97 I b ,  
4. Lower Body Reposi t ion 
I'his type of movement would involve a  small  s h u f f l e  of ap- 
proximately 2 s t e p s .  It w i l l  enable  t he  a s t r o n a u t  t o  move t o  
d i f f e r e n t  l o c a t i o n s  i n  f r o n t  of  t he  instrument  panel a s  shown i n  
t h e  ske tch  o r  perform some a c t i v i t y  a t  an  ad jacen t  work s t a t i o n .  
The motion descr ibed he re  i s  no t  the  same a s  the  ~ h u f f l ~ d e s c r i b e d  
e a r l i e r .  It includes the  r o t a t i o n  of t he  body s imultaneously w i t h  
the  s h u f f l e .  
For purpQseo of a n a l y s i s ,  i t  i s  reasonable t o  assume t h a t  
an  a s t r s n ~ u t  could r e p o s i t i o n  himself (two s t e p s  w i t h  90-deg 
body r o t a t i o n )  i n  approximately 2.0 s ec .  This i s  based on 1 
revolutio11/8 sec .  
F i g .  11-5 R e a c t i v e  H o r i z o n t a l  ~ r i c t i o n  Force  Required f o r  
Various P o i n t s  of Recep t ion  on 99 P e r c e n t i l e  Man 
Rece iv ing  a 150- lb  Package Moving a t  1.5 f t / s e c  
This motion can be broken i n t o  two d i f f e r e n t  p a r t s .  The 
f i r s t  i s  the  movement of the  a s t r o n a u t ' s  t o t a l  cen te r  of g r a v i t y ,  
and the  second i s  t he  r o t a t i o n  of h i s  body. The center -of -  
g r a v i t y  movement w i l l  be assumed t o  be i d e n t i c a l  t o  the  s h u f f l i n g  
motion discussed e a r l i e r  where the  p rope l l i ng  fo rce  f o r  a  95 
p e r c e n t i l e  (196 l b )  man was 1.67 l b .  For r o t a t i o n  of t he  body, 
i t  w i l l  be assumed t h a t  an a s t ronau t  can r o t a t e  a t  the  r a t e  of 
0.785 r ad / sec  ( 1  r evo lu t ion /8  seconds).  Furthermore, the  a s t ronau t  
w i l l  a c c e l e r a t e  from r e s t ,  a t t a i n  t h i s  r a d i a l  v e l o c i t y ,  and decel-  
e r a t e  t o  a  s top .  For s imp l i c i ty ,  we s h a l l  d e a l  wi th  the  period 
of time dea l ing  wi th  r a d i a l  a c c e l e r a t i o n  and v e l o c i t y  t o  the  mid- 
po in t  of t he  motion. A graphic r e p r e s e n t a t i o n  i s  shown i n  the  
fol lowing ske tch .  
0- 














A reasonable assumption of t i  i s  t 2 o r  0.5 s ec .  The angular  
m / 
d i s t a n c e  f o r  t h e  period 0  t 5 t l  can be found by the  formula 
8 = Q tl + 4 at; and the  angular  d i s t ance  f o r  t he  period 
tl <_ t <_ tm can be found by B = Bo + w t .  I f  t hese  formulas were 
grouped toge the r ,  t he  following expression i s  der ived:  
By i n s e r t i n g  a l l  known and assumed va lues ,  t h i s  expression be- 
comes : 
and so lv ing  f o r  
By u s i n g  t h e  f o l l o w i n g  f o r m u l a ,  t h e  t o r q u e  r e q u i r e d  f o r  t h i s  
r a d i a l  a c c e l e r a t i o n  c a n  be  d e t e r m i n e d :  
From page 252 of t h e  B i o a s t r o n a u t i c s  Da ta  Book (Ref 2 ) ,  t h e  mo- 
ment o f  i n e r t i a  f o r  a  s t a n d i n g  man ( IZ)  was found t o  be  1 1 . 3  
2 l b - i n .  - sec2  w i t h  a  s t a n d a r d  d e v i a t i o n  o f  2.2 l b - i n .  - s e c  . 
- 
 
12 = 3.53 foo t -pounds  
Again  assuming t h e  a s t r o n a u t  h a s  a 1 2 - i n .  s t a n c e ,  t h e  f o l l o w i n g  
f o r c e  d i ag ram c a n  be  drawn. 
The r e s u l t a n t  f o r c e  on t h e  s h u f f l e r  i s  t h e n  
5.  Upper Body R e p o s i t i o n  
T h i s  movement would e s s e n t i a l l y  be  a n  uppe r  t o r s o  r o t a t i o n  
accompl i shed  by t h e  moment s u p p l i e d  a t  t h e  a s t r o n a u t ' s  f e e t .  I f  
h i s  f e e t  remained s t a t i o n a r y ,  o n l y  a  p o r t i o n  o f  t h e  e n t i r e  body 
would r o t a t e  and t h e  upper  body would r o t a t e  more t h a n  t h e  lower  
body.  With a  g raph  drawn showing t h e  amount o f  body r o t a t i o n  
w 
d versus  body he igh t ,  a s t r a i g h t  l i n e  curve could be approximated. 
Now, s ince  only h a l f  of t he  body i s  moving on t h e  average, we 
w i l l  assume only h a l f  the  mass of the  a s t r o n a u t ' s  body w i l l  be 
moving. Since the  moment of i n e r t i a  f o r  an  o b j e c t  i s  d i r e c t l y  
r e l a t e d  t o  t he  mass of t h a t  o b j e c t ,  the  new moment of i n e r t i a  
can be found by simple proport ions and would be exac t ly  h a l f  of 
t h a t  f o r  a s tanding  man, o r  5.65 lb- in.-sec2 wi th  a s tandard 
dev ia t ion  of 1.10 l b  -in.  -sec2. From previous d i scuss ion ,  we 
have found 3.14 rad /sec2  t o  be a reasonable angular  acce l e ra t ion .  
With these  d a t a ,  the  moment t h a t  must be exerted a t  the  a s t r o n a u t ' s  
f e e t  t o  produce t h i s  a c c e l e r a t i o n  can be found. 
= 1.77 f t - l b  
As can be seen from t h i s  d i scuss ion ,  :the torquing fo rce  requi red  
per f o o t  wi th  a 12-in.  s tance  would be 1.77 l b .  
B, STATIC 
I. Tugging 
Tugging on some o b j e c t  w i l l  be very  s i m i l a r  t o  passing o r  
r ece iv ing  a package. I f  the  r e s i s t a n c e  i s  l i g h t ,  arm a c t i o n  
a lone  i s  s u f f i c i e n t ,  P u l l i n g  i n  a l l  planes r e q u i r e s  f l e x i n g  of 
the  elbow, b u t  shoulder  a c t i o n  may vary cons iderably  depending 
upon e l eva t ion  o r  plane of p u l l .  
fn a n a l y s i s  t h e  simple moment r e l a t i o n  can  aga in  be used. 
This w i l l  shgw t ha t  the maximum p u l l  an  a s t r o n a u t  can e x e r t  w i l l  
be equal t o  t h e  a t t r a c t i v e  magnetic force* of h i s  s h u f f l e r s  un le s s  
he p u l l s  o r  tugs  i n  a d i r e c t i o n  p e r p e n d i c d a r  t o  t he  su r f ace  h i s  
s h u f f l e r s  are a t t ached  and away from h i s  f e e t .  I n  t h i s  s p e c i a l  
cape [ see  ( e )  i n  t h e  fol lowing sketch]  he would be ab le  t o  e x e r t  
a much g r e a t e r  f o r c e ,  - - - - -- 
- --- - - -- - 
- - 
. $ ~ h i o  I s ,  a E  course,  assuming t h e  c o e f f i c i e n t  of f r i c t i o n  be- 
tweeq the shu f%le r& 4aQ the f e r r o u s  su r f ace  i s  l e s s  than 1.0.  
By assuming d i f f e r e n t  s t a n c e s  (dl )  w i t h  a  c o n s t a n t  a t t r a c t i v e  
f o r c e  i n  t h e  s h u f f l e r s ,  F i g .  11-6 can be d e r i v e d .  It should be 
noted t h a t  t h e  l i n e  of a c t i o n  of F  does  n o t  have t o  be p a r a l l e l  
t o  t h e  s u r f a c e  t o  which t h e  a s t r o n a u t  i s  a t t r a c t e d  [ s e e  (b )  i n  
t h e  preceeding s k e t c h ] .  I n  f a c t  t h i s  w i l l  p robably  seldom be 
t h e  c a s e ,  however, f o r  i l l u s t r a t i o n  purposes  and a n a l y s i s  t h i s  
c o n f i g u r a t i o n  w i l l  be e n t i r e l y  c o r r e c t .  
For a n a l y s i s  we s h a l l  use  t h e  1 3 . 6 - l b  a t t r a c t i v e  f o r c e  per  
s h u f f l e r  (N = 13 .6  l b ) ,  which i s  t h e  maximum a t t r a c t i v e  f o r c e  
r e q u i r e d  from t h e  dynamic f o r c e  a n a l y s i s .  
dl = 1 2  i n .  F  = (13 .6 ) (12)  163 - 
d  1 d  1 
dl = 15 i n .  F  = (13.  C )  (15) 204 - 
d  1 d  1 
= (13.6)  (18) 245 
- dl = 18 i n .  
d  1 d  I. 
Figure  11-6 i l l u s t r a t e s  t h e  tugg ing  f o r c e  an  a s t r o n a u t  can 
e x e r t  a t  v a r i o u s  o r i e n t a t i o n s  w i t h  13 .6 - lb  s h u f f l e r s  and v a r i e d  
s t a n c e s  . 

The design of an instrument panel should allow for ease in 
operation of all controls. MIL-STD-803A-3 (USAF), 19 May 1967, 
(Ref 3) contains human engineering requirements that apply 
specifically to aerospace vehicles and aerospace vehicle equip- 
ment. Extracted from this reference are the following control 
resistance criteria to be used for this part of the analysis. 
mined by vib- Fingertip over 
1 -in. diameter 
For analysis, the astronaut will operate the rotary selector 
and pushbutton controls, This will enable us to see how these 
operating motions affect the astronaut and his shufflers. 
f i e  r o t a r y  s e l e c t o r  has a  maximum c o n t r o l  r e s i s t a n c e  of 6- in . -  
l b  o r  0.5 f t - l b .  We s h a l l  determine how l a r g e  the  magnetic a t -  
t r a c t i o n  (N) of each shoe must be f o r  an  a s t ronau t  t o  e x e r t  a  
moment of t h i s  s i z e .  
i n  genera l  Ndl = 0.5 f t - l b .  
Now i f  we chose a  s tance  (dl) of 15  i n . ,  we would f i n d  the  
fol lowing a t t r a c t i v e  fo rce  necessary: 
The genera l  magnetic a t t r a c t i v e  f o r c e  requi red  per s h u f f l e r  
f o r  an a s t r o n a u t  t o  e x e r t  a moment of 6 i n . - l b  w i th  va r i ed  
s tances  i s  shown i n  Fig. 11-7. 
p i v o t  po in t  
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Magnetic A t t r a c t i v e  F o r c e  Required,  N ( l b )  
P i g ,  11-7 Magnetic A t t r a c t i v e  F o r c e  Required i n  S h u f f l e r  
f o r  A s t r o n a u t  t o  E x e r t  Moment of 6 i n . - l b  on 
C o n t r o l  Pane l  w i t h  Var ied S t a n c e s  
The pushbutton con t ro l  wi th  f i n g e r t i p  opera t ion  i s  shown t o  
have a  maximum c o n t r o l  r e s i s t a n c e  of 40 oz o r  2.5 l b .  From the  
diagram, i t  can p l a i n l y  be seen t h a t  t h e  l a r g e s t  moment a r m  (d2) 
w i l l  occur when the a s t ronau t  pushes t h e  bu t ton  i n  a  d i r e c t i o n  
p a r a l l e l  t o  t he  su r f ace  t o  which he i s  a t t r a c t e d .  This means the  
length  of t he  moment arm d2 w i l l  be  approximately 81.16% of a  
man's he ight  ( t h i s  i s  the  l o c a t i o n  of t he  shoulder j o i n t ) .  This 
would be d2 = (0.8116) (75) = 60.8 i n .  f o r  a  99 p e r c e n t i l e  man. 
By summing moments, a simple r e l a t i o n  between magnetic a t -  
t r a c t i v e  f o r c e  (N) and s tance  d i s t a n c e  (dl) can be shown. 
Ndl = Fd2 
Ndl = 2.5 (60.8) = 152 inch-pounds 
Figure 11-8 shows the  maximum a t t r a c t i v e  fo rce  necessary t o  
ope ra t e  t he  pushbutton con t ro l  t o  be 12 .7  l b  wi th  a  12-in. 
s tance .  Th i s  l a r g e  a t t r a c t i v e  f o r c e  i s  necessary because of t h e  
l a r g e  moment arm assoc ia ted  wi th  ope ra t ion  of t h i s  cont ro l .  
C. SUMMARY 
The fol lowing t abu la t ion  summarizes the  maximum fo rce  and 
a t t r a c t i o n  f o r  each t a sk .  
Task 
Shuff l ing  
Passing Package 
Receiving Package 
Body Reposi t ion 
Body Rota t ion  
Operation of  
Instrument Panel 
Maximum Force, 




3 .91  
1.77 
2.5 
Maximum A t t r a c t i o n ,  








Fig .  11-8 Magnetic A t t r a c t i v e  Force  Required i n  S h u f f l e r  
f o r  A s t r o n a u t  Opera t ing  Pushbut ton C o n t r o l  wi th  
R e s i s t a n c e  o f  2 . 5  l b  w i t h  Var ied S t a n c e s  
111. PERMANENT HAGNET CHARACTERISTICS 
To d e s i g n  a  permanent magnet assembly t h a t  w i l l  meet a l l  g iven 
s p e c i f i c a t i o n s ,  one must be f a m i l i a r  w i t h  t h e  fundamental  c h a r a c -  
t e r i s t i c s  o f  f e r romagne t ic  m a t e r i a l s ,  The magnet ic  c i r c u i t  and 
i t s  p r o p e r t i e s  must be unders tood,  a l o n g  w i t h  t h e  d e s i g n  c a l c u l a -  
t i o n s .  B a s i c a l l y ,  t h e  s o l u t i o n  t o  a  d e s i g n  problem f o r  a  perma- 
n e n t  magnet g i v e s  t h e  r e q u i r e d  l e n g t h  and c r o s s - s e c t i o n  a r e a .  
T h i s ,  however, i s  t h e  i d e a l  s o l u t i o n ,  r e s u l t i n g  i n  a  magnet of 
such s i z e  and shape t h a t  t h e  minimum magnet ic  m a t e r i a l  i s  used.  
P r a c t i c a l  c o n s i d e r a t i o n s ,  such a s  c o s t  of m a t e r i a l ,  p h y s i c a l  p r o -  
p e r t i e s  of t h e  fe r romagne t ic  m a t e r i a l ,  s i z e  l i m i t a t i o n s ,  and o t h e r s ,  
can r e a d i l y  modify t h i s  i d e a l ,  More r e a l i s t i c a l l y ,  t h e  des ign  g o a l  
i s  t o  develop a  magnet t h a t  w i l l  r e s u l t  i n  minilnum c o s t  c o n s i s t e n t  
w i t h  t h e  a p p l i c a t i o n ,  
I n  g e n e r a l ,  magnet ic  c i r c u i t s  u s i n g  permanent magnets have 
t h r e e  e lements  a s  shown i n  P ig ,  111-1: t h e  permanent magnet, t h e  
u s e f u l  a i r  gap, and a n  i r o n  armature  t h a t  p r o v i d e s  a  p a t h  f o r  t h e  
f l u x  t o  f o l l o w ,  The armature  of a  magnet ic  c i r c u i t  may be d e s c r i b e d  
a s  t h e  f e r r o u s  m a t e r i a l  ( i n  our  c a s e ,  t h e  f l o o r )  t o  which t h e  mag- 
n e t  a t t r a c t s  i t s e l f ,  The a i r  gap i s  due t o  a  s e p a r a t i o n  o f  t h e  
magnet from t h e  armature  o r  any nonconductive m a t e r i a l  in t roduced  
between t h e  armature  and magnet, Inc reased  a i r  gap r e s u l t s  i n  
f l u x  l eakage  which i n  t u r n  lowers t h e  a t t r a c t i v e  f o r c e  between 
t h e  magnet and a rmature ,  
F lux  P a t h  
P iece  
A i r  
/,%ran Armature o r  F l o o r  
F ig .  111-1 Bas ic  Magnetic C i r c u i t  
In any such circuit, the magnetomotive force produced by the 
magnet determines the total flux ( p  ) in the external circuit 
since 
Reluctance (R) is the term for the opposition to flux within a 
magnetic circuit and is similar to the resistance in an electri- 
cal circuit. Permeance (P), the reciprocal of reluctance, is a 
measure of magnetic conductance which, if known, would enable an 
accurate prediction to be made concerning how much of the total 
flux of a magnet will reach the air gap, 
Figure 111-2 shows two holding designs that are used exten- 
sively. The slope of the pull characteristic curves or the 
ability to attract a steel member at a distance depends on the 
depth of field of penetration around the magnet. The bar has a 
deep field pattern because the poles are far apart and there is 
little flux leakage, As the poles are brought closer, the shape 
of the pull curve changes, The field energy is then concentrated 
in the region between the poles and drops off rapidly with the 
distance from the poles, Both designs involve the same weight 
of identical magnetic material, but by design configuration, the 
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F i g ,  111-2. Comparison of  Var ious  Permanent Magnet C o n f i g u r a t i o n s  
f o r  Mechanical  Work A p p l i c a t i o n s  
Another i n t e r e s t i n g  v a r i a b l e  i n  d e a l i n g  w i t h  t h e  p u l l  of  a  
g iven  magnet i s  t h e  a r e a  o f  c o n t a c t  of  t h e  p o l e s  w i t h  t h e  arma- 
t u r e .  By d e c r e a s i n g  t h e  a r e a  o f  c o n t a c t ,  t h e  p u l l  c h a r a c t e r i s t i c s  
of  t h e  magnet a r e  g r e a t l y  i n c r e a s e d .  T h i s  can be shown by t h e  
f o l l o w i n g  formulas  e x t r a c t e d  from (Ref 4) : 
With t h e  t o t a l  f l u x  o f  a  magnet remaining c o n s t a n t ,  i t  can 
p l a i n l y  be s e e n  t h a t  i f  t h e  a r e a  o f  c o n t a c t  (A) were d e c r e a s e d ,  a 
p r o p o r t i o n a l  i n c r e a s e  i n  t h e  f l u x  d e n s i t y  (B) would r e s u l t ,  S ince  
t h e  a t t r a c t i v e  p u l l  of  t h e  magnet (F) i s  d i r e c t l y  r e l a t e d  t o  B", 
a  l a r g e r  p u l l  w i l l  r e s u l t .  I n d i a n a  General  C o r p o r a t i o n  o f  Valpa- 
r a i s o ,  I n d i a n a ,  has  done some t e s t i n g  w i t h  t h i s  c o n c e p t ,  t h e  r e -  
s u l t s  o f  which a r e  shown i n  F i g .  111-3. 
A i r  Gap ( in  .) 
Fig, 111-3 P u l l  C h a r a c t e r i s t i c  Curves f o r  Varied Contact Area 
To u s e  t h e  maximum p u l l  o f  a  permanent  magnet ,  s p e c i a l  a t t e n -  
t i o n  must be p a i d  t o  a r m a t u r e  d e s i g n .  The f u n c t i o n  o f  t h e  arma- 
t u r e  o r  s o f t  magne t i c  m a t e r i a l  i n  c o n j u n c t i o n  w i t h  a  permanent  
magnet a s sembly  i s  t o  comple te  t h e  magne t i c  c i r c u i t .  O r d i n a r i l y ,  
c o l d - r o l l e d  s t e e l  i s  g e n e r a l l y  used b e c a u s e  o f  i t s  low c o s t  and 
g e n e r a l  a v a i l a b i l i t y .  Bo th  c o b a l t  i r o n  (50-50) and Armco i r o n  
have s l i g h t l y  h i g h e r  s a t u r a t i o n  l e v e l s ,  b u t  a r e  u s u a l l y  n o t  used 
e x c e p t  where t h e  u l t i m a t e  i n  f l u x - c a r r y i n g  c a p a c i t y  i s  d e s i r e d ,  
b e c a u s e  o f  t h e i r  h i g h e r  c o s t ,  
R e g a r d l e s s  o f  t h e  s o f t  magne t i c  m a t e r i a l  u s e d ,  i t  i s  h i g h l y  
d e s i r a b l e  t o  o p e r a t e  t h e  m a t e r i a l  a t  i t s  p o i n t  o f  maximum perme- 
a b i l i t y  ( r a t i o  o f  f l u x  densi l ty '  t o  m a g n e t i z i n g  f o r c e ) ,  T h i s  w i l l  
e n s u r e  t h e  maximum f l u x - c a r r y i n g  c a p a c i t y  w i t h  minimum e x p e n d i t u r e  
o f  m a g n e t i z i n g  p o t e n t i a l ,  
A g e n e r a l  r u l e  t o  u s e  i n  a r m a t u r e  d e s i g n  s t a t e s  t h a t  a t  z e r o  
a i r  gap ,  t h e  c r o s s - s e c t i o n  a r e a  A o f  t h e  a r m a t u r e  shou ld  be  
C 
e q u a l  o r  g r e a t e r  t h a n  t h e  a r e a  o f  c o n t a c t  (A) o f  a  s i n g l e  p o l e  o f  
t h e  permanent  magnet .  The c r o s s  s e c t i o n  o f  an a r m a t u r e  c a n  b e s t  
be d e s c r i b e d  a s  t h e  l e n g t h  o f  t h e  p o l e  i n  a  d i r e c t i o n  pe rpend icu -  
l a r  t o  t h e  f l u x  p a t h  between t h e  p o l e s  t i m e s  t h e  t h i c k n e s s  o f  t h e  
a r m a t u r e .  
I f  t h i s  c r o s s - s e c t i o n  a r e a  i s  m a i n t a i n e d ,  t h e  f l u x  d e n s i t y  w i l l  
r ema in  below t h e  magnet i n d u s t r y ' s  recommended 12 ,000  t o  14 ,000 
g a u s s  maximum r a n g e .  I t  i s  when t h e  f l u x  d e n s i t y  i s  above t h i s  
v a l u e  t h a t  s a t u r a t i o n  o c c u r s  and t h e  a r m a t u r e  c a n n o t  c a r r y  t h e  
f l u x  l o a d .  T h i s  i s  v e r y  s i m i l a r  t o  h a v i n g  a  h i g h  r e s i s t a n c e  i n  
a n  e l e c t r i c a l  c i r c u i t .  
I n  p r a c t i c a l l y  a l l  a p p l i c a t i o n s ,  t h e  s t a b i l i t y  o f  a  permanent  
magnet i s  o f  u tmos t  i m p o r t a n c e .  The s t r e n g t h  o f  a  permanent  mag- 
n e t  a f t e r  i n i t i a l  m a g n e t i z a t i o n  i s  a f f e c t e d  by changes  i n  b a s i c  
magne t i c  p r o p e r t i e s  w i t h  t ime and t e m p e r a t u r e ,  v i b r a t i o n  and i m -  
p a c t ,  s t r a y  magne t i c  f i e l d s ,  and c o n t a c t  w i t h  o t h e r  magnet ic  mate-  
r i a l s .  
There is a pronounced change in the degree of magnetization 
of a11 permanent materials immediately after magnetizing. The 
loss of magnetism is of the order of 113% to 2% depending on the 
material and most of this loss occurs in the first few moments 
after magnetizing. The effect of temperature on the degree of 
magnetization is an indirect relation. That is, the lower tempera- 
tures give a higher degree of magnetization. If plotted graphi- 
cally, this relation would hold for temperatures that range from 
approximately - 3 0 0 ~ ~  to +600°F (-40'~ to +860°F for ceramic mate- 
rials). Beyond these extremes, the permanent magnet would lose 
its magnet characteristics, Strains set up by vibration and im- 
pact produce magnetic instability due to reorientation of the 
aligned magnetic domains. However, a stabilized condition is 
eventually reached where further impact or vibration has no effect, 
The magnitude of the effect of stray magnetic fields varies with 
the coercive force of the magnetic material. The higher the in- 
trinsic coercive force, the greater the resistance to stray mag- 
netic fields. It will be found, however, that properly processed 
magnets are inherently very stable with respect to time unless 
operating conditions are not constant and exceed the extremes 
expected. 
In considering various types of permanent magnets, we must 
find one which has a small volLme, high performance, light wdight, 
and a high resistance to demagnetizing influences, 
Comparisons between magnets built of different materials can 
be made on such diverse bases as demagnetization resistance, cost, 
or tensile strength. The first consideration is the material to 
be used, either for a simple magnet, or incorporated in mild steel 
backing plates or pole pieces. 
Both Alnico and ceramic permanent-magnet materials function 
well in the majority of holding applications. Some differences 
in performance, physical characteristics, and cost make one or 
another more favorable in specific cases. For example, barium- 
ferrite ceramic maintains its magnetic strength despite such weak- 
ening influences as contact with other magnets or frequent pulling 
of the magnet from the steel armature, Alnico is more sensitive 
to demagnetizing influences, but has greater physical strength 
and is not so likely to chip as the brittle ceramic, Protective 
nonmagnetic plates may be used over ceramic magnets, however, 
A ce ramic  magnet i s  u s u a l l y  c h e a p e r  e x c e p t  i n  s m a l l  s i z e s ,  
where q u a n t i t y - p r o d u c e d  s i n t e r e d  A l n i c o  magnets  a r e  c o m p e t i t i v e .  
C a s t  A l n i c o s  do  n o t  have t h e  c l e a n  s u r f a c e  a p p e a r a n c e  and dimen- 
s i o n a l  a c c u r a c y  o f  p r e s s e d ,  s i n t e r e d  A l n i c o s ,  o r  t h e  good a p p e a r -  
ance  o f  b a r i u m - f e r r i t e s ,  b u t  any magnet can  be  ground t o  a c c u r a t e  
d imens ions  where n e c e s s a r y .  B a r i u m - f e r r i t e  h a s  poor t o l e r a n c e s  
due  t o  h i g h  s h r i n k i n g  d u r i n g  p r o c e s s i n g .  
Bo th  ce ramic  and c a s t - A l n i c o  magnets  c a n  be made i n  l a r g e  
s i z e s .  Two b a r i u m - f e r r i t e  ce ramic  t y p e s  a r e  a v a i l a b l e :  non- 
o r i e n t e d  and o r i e n t e d .  The n o n o r i e n t e d  t y p e  i s  p r e s s e d  w i t h o u t  
s p e c i f i c a l l y  a l i g n i n g  t h e  magnet g r a i n  o r  m o l e c u l a r  s t r u c t u r e .  
The l a t t e r  i s  o r i e n t e d  i n  t h e  d i r e c t i o n  o f  p r e s s i n g .  Bo th  a r e  e f -  
f i c i e n t  i n  s h o r t  magne t i c  l e n g t h s ,  b u t  i f  t o o  s h o r t  t h e y  warp d u r -  
i n g  m a n u f a c t u r e .  A l l  b a r i u m - f e r r i t e  magnets  a r e  p r e s s e d ,  h e n c e ,  
r e q u i r e  e x p e n s i v e  c o o l i n g .  
Nonor i en ted  b a r i u m - f e r r i t e  m a t e r i a l  c o s t s  l e s s  i n  some a p p l i -  
c a t i o n s  b e c a u s e  p l a i n  o r  c o u n t e r b o r e d  h o l e s  can  be p rov ided  i n  
t h e  d i r e c t i o n  o f  p r e s s i n g  a t  no e x t r a  c o s t .  A l s o ,  i t  c a n  be mag- 
n e t i z e d  b e f o r e  f i n a l  a s sembly  w i t h o u t  l o s s  o f  s t r e n g t h .  The o r i -  
e n t e d  m a t e r i a l  must be magnet ized  a f t e r  assembly  f o r  b e s t  prop-  
e r t i e s ,  c a n n o t  have  c o u n t e r b o r e d  h o l e s ,  and must have  a t  l e a s t  
2 - s q - i n .  a r e a  and 1 1 4 - i n .  rounded c o r n e r s ,  b u t  t h e  r e s u l t i n g  p u l l  
i s  g r e a t e r  f o r  t h e  same w e i g h t  o f  m a t e r i a l .  
A l n i c o  V w i l l  meet most p u l l  r e q u i r e m e n t s  w i t h  l e s s  w e i g h t  
t h a n  s i n t e r e d  A l n i c o  V .  The l a t t e r  i s  u s e f u l  where  t h e  need i s  
f o r  a  s m a l l  magnet (maximum 0 .05  l b )  w i t h  b e s t  p h y s i c a l  p r o p e r t i e s  
and h i g h  pe r fo rmance .  S i n t e r e d  A l n i c o  I1 i s  n o t  o r i e n t e d  and c a n  
be magnet ized  w i t h o u t  r e g a r d  f o r  d i r e c t i o n  o f  h e a t  t r e a t m e n t .  
C a s t  A l n i c o  can  be  made i n  m u l t i p l e  b a r s  t h a t  can  be broken a p a r t  
t o  form s e p a r a t e  b a r  magnets .  
We have  found th rough  t e s t i n g  t h a t  c e r t a i n  t y p e s  o f  A l n i c o  
magnets  have  l o s t  t h e i r  magnetism w h i l e  t h e  ce ramic  magnets  have  
remained s t a b l e  under e x t e r n a l  d e m a g n e t i z i n g  e f f e c t s .  A l though  
t h e s e  e f f e c t s  c a n  be compensated f o r  i n  s y s t e m  d e s i g n ,  i t  i s  o f t e n  
e a s i e r  t o  a v o i d  a  problem t h a n  t o  compensa te  f o r  i t .  F o r  t h i s  
r e a s o n ,  a  ce ramic  magnet was chosen  f o r  t h e  s h u f f l e r  d e s i g n .  Ce- 
r a m i c  magnets  a l s o  have t h e  a d v a n t a g e  o f  s m a l l e r  s i z e  and l e s s  
w e i g h t  f o r  a  g i v e n  a t t r a c t i v e  f o r c e .  Ceramic  magnets  g e n e r a l l y  
have  l e s s  r e a c h  t h a n  A l n i c o  magnets  b u t  t h i s  c a n  be c o n s i d e r e d  a n  
a d v a n t a g e  i n  o u r  c a s e  because  t h e  s h u f f l i n g  movement c a n  be accom- 
p l i s h e d  more e a s i l y  w i t h  t h i s  t y p e  o f  c h a r a c t e r i s t i c .  
I V  . MAGNETIC ANALYSIS 
A. MAGNET DESIGN 
We have  c h o s e n  Indox V ,  a n  o r i e n t e d  b a r i u m - f e r r i t e  c e r a m i c  ma- 
t e r i a l ,  f o r  u s e  i n  t h e  s h u f f l e r s .  The r e c t a n g u l a r  shape  i n  a  c h a n -  
n e l  p o l e  p i e c e  w i l l  work b e s t  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .  A 
d e m a g n e t i z a t i o n  c u r v e  i s  shown f o r  t h i s  m a t e r i a l  5n F i g .  I V - 1 .  
From t h e  d e m a g n e t i z a t i o n  c u r v e  f o r  Indox V ,  we f i n d  t h e  m a g n e t i c  
f l u x  d e n s i t y  (B) t o  be a p p r o x i m a t e l y  3700 g a u s s  a t  room t e m p e r a t u r e  
w i t h  no d e m a g n e t i z i n g  f o r c e  a c t i n g  on t h e  m a t e r i a l .  T h i s  i s  an  
i d e a l  s i t u a t i o n ,  however,  and i n  a c t u a l  a p p l i c a t i o n  i t  w i l l  g e n e r -  
a l l y  be  t r u e  t h a t  t h e  v a l u e  w i l l  be  n e a r  3200 g a u s s .  From t h i s  
v a l u e  and t h e  z e r o  gap p u l l  ( 7 7 . 5  l b )  o f  a  p a r t i c u l a r  c e r a m i c  a s -  
s embly ,  we c a n  d e t e r m i n e  t h e  f l u x  d e n s i t y  o f  t h e  p o l e  p i e c e ,  F i r s t ,  
we must d e t e r m i n e  how much p u l l  i s  due  t o  t h e  a c t u a l  c e r a m i c  p o r -  
t i o n  of  t h e  magnet :  
T h i s  i n d i c a t e s  t h a t  t h e  p o l e  p i e c e  i s  r e s p o n s i b l e  f o r  (77 .5  - 23 .6 )  
o r  5 3 . 9 - l b  p u l l .  S u b s t i t u t i n g  t h i s  back  i n t o  t h e  f o r m u l a ,  we c a n  
d e t e r m i n e  t h e  f l u x  d e n s i t y  o f  t h e  p o l e  p i e c e :  
B  = 1 3 . 0 5  k g a u s s  
The f l u x  d e n s i t y  t h r o u g h  t h e  p o l e  p i e c e  i s  t h e n  13 ,050 g a u s s ,  w i t h i n  
t h e  recommended 12 ,000  t o  14 ,000  g a u s s  r a n g e .  

B.  AWIATURE DESIGN 
I n  t h e  a r e a  of  a r m a t u r e  d e s i g n ,  some t e s t s  a t  t h e  M a r ~ i n  M a r i -  
e t t a  C o r p o r a t i o n  have  g i v e n  i n t e r e s t i n g  r e s u l t s .  I n  l o o k i n g  fc-: 
f l o o r  m a t e r i a l s ,  s e v e r a l  i d e a s  were  d e r i v e d ,  namely "magnet ic  r u b -  
b e r , "  impregna ted  f i b e r g l a s s ,  s h e e t  m e t a l ,  and m e t a l  p l a t e .  
The "magnetic  r u b b e r "  seemed t o  be  a  f a i r l y  s i m p l e  s o l u t i o n  a t  
f i r s t .  However, one vendor  i n d i c a t e d  t h a t  t h e  magne t i c  p a r t i c l e s  
i n s i d e  t h e  r u b b e r  a r e  e a s i l y  d i s o r i e n t e d  and l o s e  t h e i r  magnet i sm 
r e a d i l y .  T h i s  i s  n o t  a  d e s i r a b l e  c h a r a c t e r i s t i c ,  s o  o t h e r  a p p r o a c h -  
e s  were  c o n s i d e r e d .  
A l i g h t  f i b e r g l a s s  f l o o r  impregna ted  w i t h  i r o n  f i l i n g s  was con -  
s i d e r e d .  Four s m a l l  s amples  were  q u i c k l y  made w i t h  v a r i o u s  p e r -  
c e n t a g e s  o f  i r o n  i n  e a c h ,  For  t h e  f i f t h  s ample ,  a  s m a l l  p i e c e  of  
22-gage g a l v a n i z e d  s h e e t  m e t a l  was u s e d .  The c o m p o s i t i o n s  o f  t h e  
f l o o r  s amples  and t h e  t e s t  p r o c e d u r e  and r e s u l t s  a r e  d i s c u s s e d  i n  
t h e  f o l l o w i n g  p a r a g r a p h s .  The t e s t  s e t u p  i s  i l l u s t r a t e d  i n  F i g .  
IV-2,  
Sample 1 Campos i t i on  - 40 grn epoxy 
4  gm h a r d e n e r  
1 0  gm i r o n  ( f i n e )  
4  l a y e r s  o f  c l o t h  (18 .9  gm) 
F i n a l  Weight - 0 .0845  l b  (13 .7% i r o n  by w e i g h t )  
Sample 2  Composi t ion  - 40 gm epoxy 
4  gm h a r d e n e r  
30 gm i r o n  ( f i n e )  
4  l a y e r s  c l o t h  (13.6 gm) 
F i n a l  Weight - 0.1136 l b  (34 .3% i r o n  by w e i g h t )  
Sample 3  Composi t ion  - 50 gm epoxy 
5  gm h a r d e n e r  
3 7 , 5  gm i r o n  ( f i n e )  
4 l a y e r s  s c r e e n  (25 .7  grn) 
F i n a l  Weight - 0 .1442  l b  (53.4% i r o n  by w e i g h t )  
Sample 4  Composition - 50 gm epoxy 
5  gm hardener 
50 gm i r o n  (coarse)  
3 l a y e r s  of c l o t h  (6.4 gm) 
F ina l  Weight - 0.1806 l b  (44.8% i r o n  by weight) 
Sample 5  22 gage galvanized shee t  metal 
F ina l  Weight - 0.1388 l b  
Fig. IV-2 Tes t  Setup 
A t e n s i l e  t e s t  machine i s  used wi th  t h e  se tup  shown i n  Fig. 
IV-2 t o  ge t  a  r e l a t i o n  of magnetic a t t r a c t i o n  of d i f f e r e n t  samples 
wi th  va r ious  a i r  gaps. Maximum a t t r a c t i o n  occurs  when t h e  sample 
and magnet a r e  i n  d i r e c t  c o n t a c t ,  and a s  they  a r e  pul led  a p a r t ,  
t h i s  a t t r a c t i o n  decays. The r e s u l t s  a r e  shown g raph ica l ly  (Fig,  
IV-3) f o r  t h e  va r ious  samples. 
The r e s u l t s  of t h i s  t e s t  i n d i c a t e  t h a t  t h e  optimum f l o o r  design 
would be one of 100% i r o n .  There i s  a  d i r e c t  r e l a t i o n  between the  
amount of i r o n  i n  t h e  f l o o r  ma te r i a l  and t h e  a t t r a c t i v e  fo rce  of 
t h e  magnet. A f l o o r  .of pure i r o n  would a l s o  reduce t h e  amount of 
re1uctance .wi th in  t h e  magnetic c i r c u i t  s i n c e  t h e r e  would be no gap 
between i r o n  p a r t i c l e s .  
0 3  0.2  0.4 0.6 0.8 . 1 . O  
A i r  Gap Between Sample and Magnet ( i n  .) 
F i g ,  I V - 3  Ma igne t ic  A t t r a c t i o n  f o r  Various A i r  Gaps and Samples w i th  10.3- lb  Magnet 
From an e a r l i e r  a n a l y s i s ,  t h e  l a r g e s t  a t t r a c t i v e  force  t o  main- 
t a i n  s t a b i l i t y  was requi red  when the  99 p e r c e n t i l e  man acce lera ted  
a  package from shoulder  l e v e l .  This  fo rce  was 13.6 l b  per  s h u f f l e r .  
It should be s t r e s s e d  t h a t  t h i s  force  i s  necessary f o r  the  a s t ronau t  
t o  remain s t a b l e .  Based on n e u t r a l  buoyancy t e s t s  a t  Denver and 
t e s t s  a t  t h e  zero-gravi ty  s imulator  i n  Hun t sv i l l e ,  a  s a f e t y  f a c t o r  
i n  t he  range of 1 .5  t o  2.0 should be introduced.  This  would r equ i r e  
t h e  a t t r a c t i v e  fo rce  per  s h u f f l e r  t o  be from 20.4 t o  27.2 l b .  To 
meet t h i s  design s tandard ,  t h e r e  w i l l  be approximately 15 l b  a t -  
t r a c t i o n  i n  t h e  hee l  and 8 l b  i n  t h e  b a l l  a r ea  of t h e  s h u f f l e r .  
An important design cons idera t ion  i n  t h e  s h u f f l e r  assemblies 
w i l l  be t h e  simulated a i r  gap between t h e  magnet assembly and t h e  
f e r rous  f l o o r  sur face .  This  simulated a i r  gap i s  due t o  the  mate- 
r i a l s  making up t h e  s o l e  conf igura t ion  t h a t  cover  t h e  magnet a s -  
semblies.  
For maximum p u l l  a t  zero gap a p p l i c a t i o n s ,  t h e  armature t h i ck -  
ness  should be a t  l e a s t  t h e  same r e l a t i v e  th ickness  a s  t he  mild 
s t e e l  pole  p i ece  used wi th  t h e  magnets. For armature th ickness  
l e s s  than t h i s ,  t h e  armature ma te r i a l  w i l l  become sa tu ra t ed  and 
f l u x  leakage pa ths  w i l l  develop. When t h i s  happens, t he  a t t r a c t i v e  
fo rce  of t h e  magnet w i l l  decrease considerably.  The same type  of 
phenomena w i l l  happen when the  a i r  gap i s  introduced between the  
magnet and t h e  armature a s  shown i n  Fig. IV-4 and IV-5, but because 
of t h e  leakage pa ths  t h a t  develop, the  armature w i l l  handle a  smal- 
l e r  f l u x  load and, t h e r e f o r e ,  can be made p ropor t iona l ly  th inner .  
Three armature m a t e r i a l s  were i n v e s t i g a t e d :  vanadium permendur, 
pure annealed i r o n  ( s imi l a r  t o  coba l t  i r o n ) ,  and hot r o l l e d ,  low 
carbon sheet  metal.  To determine t h e  th i ckness  of t h e  armature,  
t h e  c h a r a c t e r i s t i c s  of t h e  permanent magnet assembly were i n v e s t i -  
gated.  Figure IV-4 shows t h e  a t t r a c t i v e  fo rce  of t h e  magnet t o  be 
77.5 l b  a t  zero  gap and 16.2 l b  a t  a  1/32-in.  gap. From t h e  f o r -  
mula N = 0.577 B2A, t h e  p u l l  (N) i s  p ropor t iona l  t o  t h e  f lux  den- 
s i t y  squared (B2). For a  drop i n  p u l l  from 77.5 t o  16.2 l b ,  t h e  
f l u x  would decrease  by a  f a c t o r  of 
This means f o r  t he  p a r t i c u l a r  assembly from Bunting Magnetics ( P a r t  
Number BM4974) the th ickness  of the armature ( i f  made from the  same 
ma te r i a l  a s  the  pole  p iece)  could be 0.457 a s  t h i c k  a s  the pole  
p iece  (0.1046 i n . )  t o  maintain the 16.2-lb a t t r a c t i v e  fo rce .  I f  
the armature ma te r i a l  were changed from low carbon shee t  metal t o  
a  ma te r i a l  wi th  h igher  permeance c h a r a c t e r i s t i c s ,  t h i s  f a c t o r  could 
become smaller  y e t .  
F i g .  I V - 4  BM-4974 Pu l l  C h a r a c t e r i s t i c  Curve, 1 - i n .  I ron  Armature 

Armature design in the magnet industry is usually based on a 
magnetizing force between 2-5 and 10 oersteds. Figure I V - 5  shows 
that for a magnetizing force of 10 oersteds acting on the armature 
materials, the resulting induction is: 
1) Vanadium permendur - 16.7 kgauss; 
2) Pure iron, annealed - 16.5 kgauss; 
3) H.R., low carbon sheet metal - 14.0 kgauss. 
If pure annealed iron is used instead of low carbon sheet metal, 
the factor would be 
The thickness of the armature would then be 
t = (0.388)(thickness of pole piece) 
t = 0.0406 in. 
The results of this series of calculations is shown on Fig. I V - 6 ,  
It shows the armature thickness required to obtain certain attrac- 
tive force levels for the particular magnet assembly used in our 
shufflers, The design point for our shufflers is shown on the 
curve. 
This analysis is based on the assumption that the flux path 
through the armature is a straight line between the pole piece, 
This is not entirely true, however, since the lines of force ac- 
tually tend to bow outward. The precise flux path can only be es- 
timated, but it is clear that the cross-section area of the flux 
path will become larger as the flux lines deviate from this straight 
line path. It was found through testing that the floor thickness 
could be reduced by a little over 25% in the case of the iron arma- 
ture, 
Pull characteristic (Fig. IV-7) curves were developed on a ten- 
sile test machine for low carbon sheet metal with thicknesses of 
0,020 and 0,030 in. The 0.030-in, armature met design standards 
of 15 lb with a 1164-in. air gap, 
We have found vanadium permendur to be very susceptible to im- 
pact as far as retaining its high permeability characteristics, 
therefore, our recommendation is that the floor design incorporate 
a smooth pure iron material with a thickness of at least 0,030 in, 
Armature Thickness for Pure Annealed Iron (in.) 
Fig. IV-6 Armature Design Curve for BM-4974 Magnet Assembly 
Gap (in.) 
Pig, IV-5 BM-4974 Pull Characteristic Curve Comparing Calculated and 
Empirical Results 
V . DESIGN CONFIGURATION 
The f r i c t i o n a l  r equ i rements  o f  t h e  s h u f f l e r  a r e  d i s c u s s e d  i n  
t h i s  c h a p t e r .  By us ing  t h e  r e l a t i o n  f o r  f r i c t i o n  t h a t  F = pN, 
t h e  minimum c o e f f i c i e n t  o f  f r i c t i o n  can be found.  I t  h a s  been 
determined t h a t  t h e  l a r g e s t  h o r i z o n t a l  f o r c e  developed happens 
when t h e  a s t r o n a u t  r e c e i v e s  a  package,  Assuming t h e  a s t r o n a u t  
r e c e i v e s  t h e  package no lower than  h i s  c e n t e r  of  g r a v i t y ,  t h e  
l a r g e s t  f o r c e  developed would be approx imate ly  3.97 l b  ( s e e  F i g .  
11-5) . 
The s h u f f l e r  w i l l  e s s e n t i a l l y  have two a r e a s  o f  c o n t a c t .  These 
two a r e a s  combined w i t h  t h e  magnet ic  a t t r a c t i o n  must i m p a r t  a  t o -  
t a l  f r i c t i o n a l  f o r c e  g r e a t e r  than  t h e  3.97-1b impact  f o r c e  t o  
m a i n t a i n  t h e  l o c a t i o n  o f  t h e  a s t r o n a u t ' s  f e e t .  T h i s  means f o r  a  
s h u f f l e r  w i t h  1 3 . 6 - l b  magnet ic  a t t r a c t i o n ,  t h e  average  c o e f f i c i e n t  
of  f r i c t i o n  must be 
The two m a t e r i a l s  t o  be  used on t h e  s o l e  of  t h e  s h u f f l e r  a r e  V i t o n  
and w h i t e  T e f l o n .  S i n c e  no s u i t a b l e  d a t a  were a v a i l a b l e  on t h e  
c o e f f i c i e n t  of  f r i c t i o n  of  t h e s e  m a t e r i a l s  w i t h  a n  i r o n  s u r f a c e ,  
a  smal l  t e s t  s e t u p  was made. A sample o f  Vi ton  was cemented t o  
one end of  a  s o l i d  meta l  c y l i n d e r  and a  sample of  w h i t e  T e f l o n  on 
t h e  o t h e r .  To e x p e r i m e n t a l l y  f i n d  t h e  c o e f f i c i e n t s  of  f r i c t i o n  be- 
tween t h e  samples and v a r i o u s  s u r f a c e s ,  t h e  s u r f a c e s  were t i l t e d  
u n t i l  t h e  c y l i n d e r  moved. A s imple  f o r c e  a n a l y s i s  w i l l  show t h a t  
t h e  t a n g e n t  of  t h e  a n g l e  o f  t i l t  w i l l  be t h e  c o e f f i c i e n t  o f  f r i c -  
t i o n :  
F 
tangent  8 = - N 
but  
t h e r e f o r e ,  p = tangent  6 ,  where 8 = angle  of t i l t .  
The angle  of t i l t  and c o e f f i c i e n t  of f r i c t i o n  f o r  var ious  mate- 
r i a l s  a r e  tabula ted  i n  Tables V - 1  t h r u  V - 4 .  
Table V - 1  Viton on Galvanized Sheet Metal 
Table V-2 Viton on I r o n  
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Tab1.e V-3  White T e f l o n  on Galvanized Sheet  Metal  
Tab le  V - 4  White T e f l o n  on I r o n  
I t  becomes apparen t  from t h e  r e s u l t s  o f  t h i s  t e s t  t h a t  t h e  
a r e a  o f  t h e  s h u f f l e r  covered by T e f l o n  w i l l  have l i t t l e  e f f e c t  i n  
c o n t r i b u t i n g  t o  a  r e a c t i v e  h o r i z o n t a l  f r i c t i o n  f o r c e .  The major-  
i t y  w i l l ,  t h e r e f o r e ,  have t o  come from t h e  h e e l  a r e a  o f  t h e  shuf -  
f l e r  o r  t h e  s u r f a c e  covered w i t h  Vi ton .  I f  each s h u f f l e r  had a  
1 3 . 6 - l b  f o r c e ,  t h e  h e e l  must have a t  l e a s t  t h e  fo l lowing  a t t r a c -  
t i v e  f o r c e :  
where N f N = 13 .6  l b  b h  
I f  a l l  t he  f r i c t i o n  fo rce  were t o  i n i t i a t e  from the  hee l ,  t he  r e -  
quired magnetic a t t r a c t i o n  must be 
The shoe- l ike  appearance of  t h e  s h u f f l e r s  in t roduces  the  space 
a l lo tment  problem of what phys ica l  s i z e  magnet can be placed i n  
t h e  s o l e .  The optimum des ign  of commercially a v a i l a b l e  magnets 
meeting t h e  small  volume and l a r g e  p u l l  c h a r a c t e r i s t i c  comes from 
Bunting Magnetics i n  Chicago. With t h e  use of two of  t h e i r  mag- , 
n e t  des igns ,  t h e  a t t r a c t i o n  i n  t he  b a l l  and hee l  a reas  of  t h e  f o o t  
w i l l  be approximately 8 and 15 I b ,  r e spec t ive ly .  This adds a  
cons iderable  s a f e t y  f a c t o r  t o  t h e  h e e l  a r ea ,  maintains  ample a t -  
t r a c t i o n  t o  keep t h e  b a l l  a r ea  of t h e  f o o t  i n  contac t  w i t h  t h e  
f e r rous  su r f ace  a t  a l l  t imes, and keeps t h e  t o t a l  a t t r a c t i v e  f o r c e  
per  s h u f f l e r  i n  the  20.4- t o  27.2-1b range derived dur ing  arma- 
t u r e  design.  
The c o n t r a c t  des ign  concept s t a t e s  t h a t  t he  "design s h a l l  a l -  
low v a r i a t i o n  of magnets t o  i n c r e a s e  o r  decrease  nominal holddng 
s t r eng th . "  Our choice of  magnets i s  more than  ample f o r  t h e  99 
p e r c e n t i l e  man performing a l l  t a s k s  descr ibed i n  t he  ana lys i s .  
It a l s o  e l imina te s  the  need f o r  changing magnets f o r  each t a s k  
performed. Therefore,  we conclude t h a t  t h e  s h u f f l e r  concept should 
inco rpora t e  a  magnetic a t t r a c t i o n  of  s u f f i c i e n t  s t r e n g t h  t o  han- 
d l e  a l l  t he  var ious  app l i ca t ions  intended f o r  i t  i n  a  zero-gravi ty  
environment. 
V I .  TESTING RESULTS OF VARIOUS SHUFFLER ENGINEERING 
EVALUATION CONCEPTS 
--
Engineer ing e v a l u a t i o n  models of v a r y i n g  c o n f i g u r a t i o n s  were 
f a b r i c a t e d  t o  v e r i f y  t h e  a n a l y s i s  and t o  conf i rm t h a t  t h e  
s h u f f l e r  was a  workable  concep t .  The t e s t i n g  o f  t h e s e  models 
aqua in ted  t h e  d e s i g n  eng ineers  w i t h  c o n f i g u r a t i o n  d e s i g n  r e q u i r e -  
The f i r s t  s h u f f l e r  concept  was f a b r i c a t e d  from a  nylon-mesh 
summer l o a f e r  ( s e e  F i g .  VI-1).  I n  t h e  t e s t  t ank ,  Vi ton was an 
e f f e c t i v e  h i g h  c o e f f i c i e n t  of f r i c t i o n  s u r f a c e  and Armalon proved 
t o  be a  good low c o e f f i c i e n t  of f r i c t i o n  s u r f a c e .  An 18-gage 
ga lvan ized  s h e e t  meta l  s u r f a c e  was used a s  t h e  f e r r o u s  s h u f f l i n g  
s u r f a c e  on t h e  b o t t o n  of t h e  t a n k .  
Due t o  t h e  Armalon and Vi ton s u r f a c e s  cover ing  t h e  magnets,  
t h e  magnet ic  a t t r a c t i o n  was g r e a t l y  reduced.  Both s u b j e c t s  has  
a  good " f e e l "  f o r  t h e  magnetic a t t r a c t i o n ,  however. 
S h u f f l i n g  a t  f i r s t  seemed a  l i t t l e  awkward, however, when 
each s u b j e c t  l e a r n e d  t o  p u l l  w i t h  h i s  l e a d i n g  f o o t ,  t h e  s h u f f l i n g  
movement worked f a i r l y  w e l l .  One s u b j e c t  t r i e d  t o  s t o p  a b r u p t l y  
n e a r  t h e  end of t h e  meta l  s h e e t .  He had t h e  s e n s a t i o n  of s t o p p i n g  
h i s  f e e t ,  b u t  having h i s  body c o n t i n u e  i n  forward mot ion.  Both 
s u b j e c t s  expressed  a  need f o r  a  l a r g e r  a t t r a c t i v e  f o r c e  i n  t h e  
b a l l  of t h e  f o o t  a r e a .  
Fig .  V I - 1  F i r s t  Shuf f l e r  Engineering Evaluat ion Model 
Shuff l ing  up a  v e r t i c a l  wa l l  was attempted a  s h o r t  time 
l a t e r ,  bu t  both sub jec t s  had d i f f i c u l t y  i n  o r i e n t i n g  themselves 
i n  t h e  'rlorizolital pos i t i on .  - Their bodies  f l o a t e d  upward and 
broke the  hee l  con tac t .  One sub jec t  was f i n a l l y  ab l e  t o  o r i e n t  
h imse l f ,  bu t  had d i f f i c u l t y  i n  movement. The Viton had been r e -  
moved from the  hee l  a r e a ,  l eav ing  a  low c o e f f i c i e n t  su r f ace ,  
thus  making movement d i f f i c u l t  because of s l i d i n g .  Both sub jec t s  
agreed t h a t  t h e  v e r t i c a l  a scen t  would be an i d e a l  t e s t .  
B .  WATER TEST 2 
This t e s t  was conducted v e r y  s i m i l a r l y  t o  t e s t  1 u s i n g  t h e  
same s h u f f l e r ,  e x c e p t ,  s t r o n g e r  magnets (horseshoe type)  were 
placed i n  t h e  b a l l  a r e a .  Vi ton (1164 i n . )  was used f o r  t h e  h i g h  
c o e f f i c i e n t  o f  f r i c t i o n  s u r f a c e s  of t h e  h e e l  and t o e  and Armalon 
(0.008 i n . )  was used a s  t h e  low c o e f f i c i e n t  of f r i c t i o n  s u r f a c e  
i n  t h e  b a l l  o f  t h e  f o o t  a r e a  of t h e  s h u f f l e r .  The Armalon s u r -  
f a c e  was q u i c k l y  worn through by t h e  s h a r p  magnets d u r i n g  t h e  
s h u f f l i n g  p r o c e s s ,  i n d i c a t i n g  a  more d u r a b l e  o r  t h i c k e r  m a t e r i a l  
should be u s e d .  
The s t a b i l i t y  o f  t h e  s u b j e c t s  d u r i n g  t h e  s h u f f l e  was much i m -  
proved w i t h  t h e  a d d i t i o n  of t h e  s t r o n g e r  magnets.  An a t t e m p t  
was made t o  push suspended w e i g h t s ,  b u t  t h i s  was cons idered  a  
poor t e s t  because  of t h e  h i g h l y  v i s c o u s  w a t e r  su r rounding  t h e  
s u b j e c t .  A  s t a t i c  t e s t  would g i v e  a  much b e t t e r  i n d i c a t i o n  
under t h e s e  c i rcumstances .  
S h u f f l i n g  up and down a  v e r t i c a l  w a l l  was accomplished t h i s  
t ime u s i n g  scuba g e a r .  The s u b j e c t  donned t h e  s h o e s ,  made him- 
s e l f  n e u t r a l l y  buoyant ,  and s h u f f l e d  up t h e  v e r t i c a l  f e r r o u s  s u r -  
f a c e  w i t h  l i t t l e  d i f f i c u l t y .  The s h u f f l i n g  pace was s lower  t h a n  
expec ted ,  however. This  a g a i n  was a t t r i b u t e d  t o  t h e  h i g h l y  
v i scous  w a t e r  su r rounding .  A b e t t e r  t e s t  would be a  z e r o - g r a v i t y  
s i m u l a t i o n  o r  a  z e r o - g r a v i t y  a i r c r a f t  s i m u l a t i o n  maneuver. 
C .  SIX-DEGREE-OF-FREEDOM SIMULATOR TESTING OF FIRST 
SHUFFLER CONCEPT 
On August 1, 1969, the  NASA-MSFC P&VE Laboratory was used t o  
v e r i f y  the  s h u f f l e r  concept.  Test  equipment included the  follow- 
i n g  items: .. 
1 )  lbo  4x8 f t ,  118-in. t h i c k  p l a t e s  of s t r u c t u r a l  s t e e l ;  
2 )  Torque wrench (0  t o  1 f t - l b  range);  
3 )  Stop watch; 
4)  Tape measure; 
5) F ish  s c a l e ;  
6 )  Rol l ing  c a r t  (225 l b ) ;  
7) Movie coverage. 
The t e s t  eva lua t ion  model incorporated Viton h e e l  and toe  
pieces and an Armalon p iece  i n  t he  b a l l  a r e a  of t he  f o o t  (see 
Fig.  VI-1). The holding s t r e n g t h s  of the  magnets i n  the  s 'huff ler  
assemblies  a r e  shown. They a r e  somewhat smaller  due t o  t he  
th i cke r  su r f ace  ma te r i a l s  used. 
The fol lowing t e s t s  were performed: 
1 )  Shuff l ing  on f e r rous  sur face ;  
2 )  Pul l ing ;  
3)  Rota t ing  body; 
4 )  Pushing i n t o  f r e e  f l o a t ;  
5 )  Torquing; I 
6 )  Receiving ob jec t ;  
7) Pushing o b j e c t .  
Surface Mater ia l  
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1. S h u f f l i n g  
S h u f f l i n g  t imes  a r e  g iven  i n  t h e  f o l l o w i n g  t a b u l a t i o n .  
Each s u b j e c t ,  a f t e r  10  t o  15 minu tes  of  f a m i l i a r i z a t i o n  was 
a b l e  t o  s h u f f l e  a c r o s s  t h e  f l o o r  w i t h o u t  d i f f i c u l t y  ( s e e  F i g .  
VI-2) .  The mass and i n h e r e n t  b i a s  of  t h e  s i m u l a t o r  c r e a t e d  d i f -  
f i c u l t i e s  i n  excess  o f  t h o s e  o f  n e u t r a l  buoyancy a c c o r d i n g  t o  
t h e  s u b j e c t  exper ienced  w i t h  t h e  s h u f f l e r s .  Each t e s t  s u b j e c t  
soon d e v i s e d  h i s  own mode of  s h u f f l i n g ,  a l l  o f  which o n l y  d i f -  
f e r e d  s l i g h t l y .  
The speeds  a t  which t h e  f l o o r  cou ld  be c r o s s e d  v a r i e d  w i t h  
t h e  i n d i v i d u a l ,  t h e  amount o f  i n i t i a l  f a m i l i a r i z a t i o n  w i t h  b o t h  
t h e  s h u f f l e r  and t h e  s i m u l a t o r ,  and t h e  amount of  f a m i l i a r i z a -  
t i o n  t ime p e r m i t t e d  t h e  s u b j e c t .  A l l  s u b j e c t s  f e l t  t h a t  s t r o n g e r  
magnets were  r e q u i r e d  and would r e s u l t  i n  much e a s i e r  and f a s t e r  
s h u f f l i n g .  
2 .  P u l l i n g  
A s p r i n g  s c a l e  ( s i m i l a r  t o  a  f i s h  s c a l e )  was f a s t e n e d  t o  t h e  
w a l l  b e s i d e  t h e  t e s t  s e t u p .  E ~ ~ c h  s u b j e c t  grasped t h e  hook o f  t h e  
s c a l e  and p u l l e d .  I n  each c a s e ,  p u l l i n g  was n o t  d i f f i c u l t .  The 
r e a r  f o o t  of  t h e  s u b j e c t s  c o n s i s t e n t l y  p u l l e d  l o o s e  f i r s t .  The 
s u b j e c t  was a b l e  t o  r e p l a c e  h i s  f o o t  w i t h o u t  d i f f i c u l t y .  

3 .  R o t a t i n g  Body 
The t e s t  s u b j e c t s  were d i r e c t e d  t o  r o t a t e  t h e i r  f e e t ,  b o d i e s ,  
and s i m u l a t o r  90 deg.  The a c t i o n  i s  s imple  and n a t u r a l ,  and t h e  
o n l y  problem i s  the  moment of i n e r t i a  c r e a t e d  by t h e  s i m u l a t o r .  
Each s u b j e c t  f e l t  t h a t  t h e  r o t a t i o n a l  motion would be easy  w i t h -  
o u t  t h e  a d d i t i o n a l  mass ( s e e  F i g ,  VI-3).  
4 .  Pushing i n t o  Free  F l o a t  
Each t e s t  s u b j e c t  was d i r e c t e d  t o  t a k e  two s h u f f l i n g  s t e p s  
and push o f f .  Stopping a t  a  l o c a t i o n  would depend on a  s u b j e c t ' s  
a b i l i t y  t o  r o t a t e  and "come down" on h i s  f e e t .  This should  p r o -  
v i d e  l i t t l e  d i f f i c u l t y  i n  a  ze ro-gr  f i e l d  ( s e e  F i g .  V I - 4 ) .  
5 .  Torqu ing  
Because t e s t i n g  t ime was l i m i t e d ,  o n l y  one s u b j e c t  completed 
t h e  t o r q u e  t e s t i n g .  One man h e l d  t h e  b o l t  w i t h  a  wrench w h i l e  
t h e  t e s t  s u b j e c t  a t t empted  t o  r o t a t e  t h e  b o l t  w i t h  t h e  to rque  
wrench. When t h e  t e s t  s u b j e c t  had b o t h  f e e t  p l a n t e d  on t h e  
f e r r o u s  s u r f a c e ,  t h e  on ly  l i m i t a t i o n s  i n  to rqu ing  movements ap-  
peared t o  be  t h e  s u b j e c t ' s  s t r e n g t h .  With a  1 5 - i n .  s t a n c e ,  a  
moment of 150 i n . - l b  was a p p l i e d .  
6. Receiving a  Package 
Each t e s t  s u b j e c t  caught  t h e  c a r t  a s  i t  was pushed i n t o  him, 
The c a r t  had a t o t a l  mass o f  225 l b  and was mounted on wheels 
f o r  easy  movement. Under i n c r e a s e d  c a r t  v e l o c i t y ,  one f o o t  
s l i d  a  s m a l l  d i s t a n c e  b e f o r e  t h e  c a r t  was s topped ( see  F i g .  VI-5).  
7 .  Pushing Object  
Each t e s t  s u b j e c t  was d i r e c t e d  t o  push t h e  225-1b c a r t  used 
i n  t h e  p rev ious  exper iment .  Once t h e  i n e r t i a  of t h e  c a r t  was 
overcome, t h e  c a r t  was moved e a s i l y  ( s e e  F i g .  VI-6). 
8 .  Conclusions  
The t e s t s  g e n e r a l l y  confirmed t h e  s h u f f l e r  concept  and mathe- 
m a t i c a l  a n a l y s i s .  Before t e s t i n g  t h e  a t t r a c t i v e  f o r c e  of magnets 
i n  t h e  e v a l u a t i o n  model was  b e l i e v e d  t o  be t o o  s m a l l ,  The 
t e s t i n g  v e r i f i e d  t h i s  t o  b e  t r u e .  
Fig.  VI-4 Two Views of Subject Pushing Off in to  Free Float 
F i g .  VI-5 S u b j e c t  Rece iv ing  Package 
F i g .  V I - 6  S u b j e c t  Pushing Objec t  
The simulator  d id  not  appear t o  be an excep t iona l ly  good 
t e s t i n g  f a c i l i t y ,  because i t s  mass and inhe ren t  b i a s  present  
d i f f i c u l t i e s  no t  encountered i n  zero g r a v i t y .  The s imulator  had 
a  mass of 300 t o  350 l b ,  which c rea ted  a  t o t a l  mass of approxi- 
mately 500 l b  f o r  use wi th  t h e  s h u f f l e r s  (Fig.  VI-5). It d id  
permit concept eva lua t ion ,  however, when the t e s t  sub jec t s  t r i e d  
s h u f f l i n g ,  r ece iv ing ,  p u l l i n g ,  and pushing wi th  and wi thout  use 
of t he  f e r rous  su r f ace .  Without the  f e r rous  su r f ace ,  these  
t e s t s  were conducted w i t h  cons iderable  d i f f i c u l t y .  
Complete cooperat ion from the  t e s t i n g  people of MSFC was 
obtained wi thout  d i f f i c u l t y  and f u r t h e r  t e s t i n g  could be con- 
duc ted ,  
D . NEUTRAL BUOYANCY TEST OF SECOND SHUFFLER CONCEPT 
On August 7 ,  1969, an eva lua t ion  t e s t  was performed i n  the  
L i t t l e t o n  YMCA swimming pool t o  v e r i f y  magnet des ign  and demon- 
s t r a t e  the f e a s i b i l i t y  of s h u f f l i n g  on a  f e r rous  su r f ace .  This 
t e s t  was accomplished by p ro fe s s iona l  d i v e r s  w i th  scuba gear  
and the  following t e s t  equipment: 
'1) 4x8-f t  shee t  of 18-gage galvanized s h e e t  metal ;  
2 )  Torque wrench and s h a f t  wi th  "T" handle; 
3) Movie camera and f i lm;  
4 )  F i sh  s c a l e ;  
5 )  5-  and 10-lb weights;  
6 )  Tape measure; 
7) Stop watch; 
8 )  Rope, broom handle.  
The s h u f f l e r  con f igu ra t ion  was s i m i l a r  t o  t he  former models. 
The d i f f e r e n c e  was t h a t  a  sandal  model wi th  a  g r e a t e r  p u l l  
s t r e n g t h  was used a s  shown i n  Fig. V I - 7 .  The hold ing  s t r eng ths  
of the  permanent magnets i n  the s h u f f l e r  assemblies  a r e  shown 
i n  the  fol lowing t a b u l a t i o n .  
tiff Foamed 
Fig. VI-7 Second Shuffler Engineering Evaluation Model 
The fol lowing t e s t s  were accomplished: 
1) Shuff l ing  along a  fe r rous  su r f ace ,  both v e r t i c a l l y  
and h o r i z o n t a l l y ;  
2) Demonstrating pushing o f f  i n  a  f r e e  f l o a t ;  
3 )  Pushing on a  f ixed  ob jec t ;  
4 )  Pu l l i ng  on a  f ixed  ob jec t ;  
5)  Shuff l ing  t o  r e p o s i t i o n  body; 
6)  Donning and do f f ing  s h u f f l e r s ;  
7) Exert ing torque on f ixed  o b j e c t .  
1. Shuff l ing  Along Ferrous Surface 
Shuff l ing  times a r e  given i n  the fol lowing t abu la t ion .  
Try Dis tance  ( f t )  Tirne ( sec)  Veloc i ty  ( fp s )  
1 7 19 0.38 
2 7  2 7  0.26 
3  7  2 3  0.30 
Af ter  the  d i v e r s  acquainted themselves w i t h  the shuf f l e r s ,  
the mode of s h u f f l i n g  was accomplished without  d i f f i c u l t y .  The 
t e s t  sub jec t  had a  tendency t o  l ean  forward a s  i f  walking i n t o  
a  s t rong  wind, poss ib ly  because of the tank on h i s  back and t h e  
water surrounding. V e l o c i t i e s  were slower than  expected, but  
can be a t t r i b u t e d  t o  the  viscous water surroundings.  The v e r t i -  
c a l  s h u f f l e  was impressive,  however, a s  t he  f i lms  show, t h e  
sub jec t  was no t  n e u t r a l l y  buoyant over a l l  p a r t s  of h i s  body. 
His l egs  seemed heavy and h i s  body seemed too buoyant. See 
F ig .  VI-8 f o r  va r ious  views of the t e s t  s u b j e c t .  
2 .  Pushing Off i n t o  Free F loa t  
The sub jec t  shuf f led  along the bottom of t he  tank,  stopped, 
and pushed o f f  i n t o  a  f r e e  f l o a t  wi th  l i t t l e  d i f f i c u l t y .  Once 
the magnet con tac t  was broken, the sub jec t  " f loa ted"  i n  a  weight- 
l e s s  manner a s  shown i n  the  f i lm  coverage. 
F i g .  VI-8 S u b j e c t  S h u f f l i n g  over  F e r r o u s  S u r f a c e  
Fig. VI-8 (concl) 
3.  Pushing 
The s u b j e c t  pushed on a  broom handle  t h a t  was connected by 
twine t o  a  f i s h  s c a l e ,  t r y i n g  t o  m a i n t a i n  a  r i g i d  body p o s i t i o n .  
The s u b j e c t  found i t  d i f f i c u l t  t o  maincain  t h i s  p o s i t i o n  bu t  was 
a b l e  t o  e x e r t  a n  impulse  f o r c e  b e f o r e  i n s t a b i l i t y  o c c u r r e d .  
4 .  P u l l i n g  
The s u b j e c t  found i t  much e a s i e r  t o  m a i n t a i n  t h e  r i g i d  body 
p o s i t i o n  i n  t h i s  t e s t ,  t h e r e f o r e ,  s a t i s f a c t o r y  r e s u l t s  were 
ach ieved .  With a  s t a n c e  of 18 i n . ,  t h e  s u b j e c t  was a b l e  t o  p u l l  
s t e a d i l y  2-1/2 t o  3 l b  a t  shou lder  h e i g h t  and 4 t o  4-1/2 l b  a t  
w a i s t  l e v e l  (F ig .  VI-9) .  This  exceeded e x p e c t a t i o n s  shown on 
F i g .  11-5 of t h e  mot ion a n a l y s i s .  
5 .  R e p o s i t i o n i n g  o f  Body 
I n  t h i s  t e s t ,  t h e  s u b j e c t  took two s t e p s  and r o t a t e d  90 deg 
s i m u l t a n e o u s l y ,  This  was performed i n  approx imate ly  2  s e c ,  con- 
f i r m i n g  t h e  a n a l y s i s  assumption.  This type o f  motion appears  
t o  be performed much more e a s i l y  than  expec ted .  
6 .  Donning and Dof f ing  S h u f f l e r s  
The s u b j e c t  removed and pu t  on s h u f f l e r s  b o t h  on and o f f  t h e  
f e r r o u s  s u r f a c e .  He had t h e  op in ion  t h a t  i t  was much e a s i e r  t o  
perform t h i s  o p e r a t i o n  on t h e  f e r r o u s  s u r f a c e .  The f i l m  seems 
t o  conf i rm t h i s  o p i n i o n  ( F i g .  VI-10). 
7 .  E x e r t i n g  Torque 
The t e , t  s u b j e c t  was c a p a b l e  of producing 50 i n . - l b  of t o r q u e  
b o t h  on and o f f  t h e  f e r r o u s  s u r f a c e  ( F i g .  VI-11). However, when 
o f f  t h e  f e r r o u s  s u r f a c e ,  t h e  s u b j e c t  could  n o t  m a i n t a i n  t h e  50 i n . -  
l b  t o r q u e  w i t h o u t  i n s t a b i l i t y .  This t o r q u e  range i s  i n  excess  
o f  t h e  range i n d i c a t e d  i n  t h e  motion a n a l y s i s .  
D i f f i c u l t y  was encountered i n  much of t h e  t e s t i n g  because  of 
t h e  s t i f f n e s s  i n  t h e  s o l e  of t h e  s h u f f l e r .  I n  t h e  e a r l y  p a r t  o f  
t h e  t e s t i n g ,  t h e  s o l e  i n  t h e  c e n t e r  p a r t  o f  t h e  f o o t  was p a r t i a l l y  
carved away. This he lped  c o n s i d e r a b l y ,  b u t  t h e r e  was s t i l l  need 
f o r  f l e x i b i l i t y  i n  t h e  b a l l  a r e a  of t h e  s h u f f l e r .  This f l e x i b i l i t y  
i s  r e q u i r e d  t o  a l low t h e  magnets t o  have a  d i r e c t  c o n t a c t  w i t h  t h e  
f e r r o u s  s u r f a c e .  With t h e  s t i f f  s o l e ,  t h e  magnet could  n o t  a l i g n  
i t s e l f ;  t h i s  i s  shown c l e a r l y  i n  t h e  f i l m s ,  
F i g .  VI-9 S u b j e c t  Performing S t a t i c  Pull T e s t  
Fig .  V I - 1 0  S u b j e c t  Donning and Doffing S h u f f  lers 
F i g .  VI-11 S u b j e c t  P e r f o r m i n g  Torque T e s t  
E .  NEUTRAL BUOYANCY TEST OF THIRD SHUFFLER CONCEPT 
Fol lowing t h e  n e u t r a l  buoyancy t e s t  performed on August 7 ,  
1969, a n o t h e r  p a i r  of shoes  were  f a b r i c a t e d  w i t h  a  s i n g l e  p i e c e  
of  F l o u r e l  a s  t h e  s o l e  p i e c e .  The magnets used i n  t h e  p rev ious  
t e s t  were f a s t e n e d  t o  t h e  s o l e  and covered w i t h  Armalon and 
Vi ton ,  depending on t h e  l o c a t i o n  ( F i g .  VI-12).  
F i g .  V I - 1 2  T h i r d  S h u f f l e r  Eng ineer ing  E v a l u a t i o n  Model 
The s h u f f l i n g  mode was attempted both h o r i z o n t a l l y  and v e r t i -  
c a l l y  wi th  success .  The f l e x i b l e  s o l e  seemed h ighly  d e s i r a b l e  
s i n c e  d i r e c t  magnet con tac t  was r e a d i l y  achieved. When the  
Armalon was removed from the  magnets i n  the  b a l l  a r e a ,  s h u f f l i n g  
was d i f f i c u l t  and an "ear th-oriented" g a t e  seemed more n a t u r a l .  
This increased  t h e  holding s t r e n g t h  of the  magnets, however, and 
the  t e s t  s u b j e c t s  thought t h i s  t o  be t h e  most s t a b l e  p a i r  of 
s h u f f l e r s .  Af te r  t he  Armalon was removed, t he  magnets i n  the  
b a l l  and h e e l  a r e a  of the s h u f f l e r  had approximately the  same 
holding s t r eng th .  This d i d  not  h inde r  pushing o f f  i n t o  a  f r e e  
f l o a t ,  however. This t e s t i n g  seemed t o  i n d i c a t e  t h a t  an a t t r a c -  
t i v e  fo rce  i n  t h e  a r e a  of 20 l b  and the  f l e x i b l e  s o l e  would be 
h igh ly  d e s i r a b l e  i n  t he  f i n a l  des ign  col2figuration of the  
shuf f  l e r  . 
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V I I ,  FINAL SHUFFLER CONFIGURATION AND FABRICATION 
A f o u r t h  p r o t o t y p e  s h u f f l e r  (Fig .  VII-1)  was f a b r i c a t e d  o u t  
of noncompatible m a t e r i a l s  i n  accordance w i t h  t h e  marked drawings 
from t h e  midterm p r e s e n t a t i o n .  T h i s  p r o t o t y p e  was s e n t  t o  t h e  
Cont rac t  T e c h n i c a l  Monitor f o r  review and r e t u r n e d .  The c r i t i c i s m  
of t h i s  p r o t o t y p e  l e d  t o  t h e  f i n a l  d e s i g n ,  which i n c l u d e s  t h e  
c l o s e d - t o e  c o n f i g u r a t i o n  and " f l o a t i n g "  f r o n t  magnet. 
The c l o s e d - t o e  c o n f i g u r a t i o n  p e r m i t s  b e t t e r  o p e r a t i o n  of t h e  
s h u f f l i n g  mode and o f f e r s  a  more s t r e a m l i n e d  appearance of t h e  
s h u f f l e r  i t s e l f .  The f r o n t  magnet of each s h u f f l e r  w i l l  " f l o a t " ,  
o r  remain f l e x i b l e  p e r t a i n i n g  t o  o r i e n t a t i o n ,  and w i l l  be r e -  
movable t o  a l l o w  replacement  of t h e  10 m i l l  T e f l o n  cover ing  when 
necessa ry .  The r e a r  magnet i s  l a r g e  enough t o  a l i g n  i t s e l f ,  so  i t  
w i l l  be r i g i d l y  a t t a c h e d  and covered w i t h  a  h i g h  c o e f f i c i e n t  of 
f r i c t i o n  m a t e r i a l  c a l l e d  Vi ton ,  which i s  1 /64  i n .  t h i c k ,  
The "D" r i n g  buckle  con£ i g u r a t i o n  p e r m i t s  f i n i t e  adjus tment  
of t h e  r e s t r a i n t  s t r a p s ,  has  e x c e l l e n t  h o l d i n g  s t r e n g t h ,  has  no 
sharp  edges t o  p i n c h  o r  snag,  and i s  easy t o  f a s t e n  and u n f a s t e n .  
Velcro  t i e  downs were cons idered ,  b u t  were r e j e c t e d  because of 
t h e i r  tendency t o  break down and r e l e a s e  s m a l l  p a r t i c l e s .  Snaps 
and conven t iona l  buck les  were c o n s i d e r e d ,  bu t  were r e j e c t e d  be- 
cause  of t h e i r  l a c k  of a d j u s t a b i l i t y ,  p resence  of sharp  c o r n e r s ,  
and t h e  g r e a t e r  degree  of d i f f i c u l t y  i n  o p e r a t i o n .  
The tops  of t h e  s h u f f l e r  w i l l  be made from PBP, polybenzimazole ,  
a  compat ible  c l o t h  m a t e r i a l  s i m i l a r  t o  nylon.  The tops  w i l l  be 
sewn t o g e t h e r  w i t h  Nomex t h r e a d  and bonded t o  t h e  P l u o r e l  i n s o l e  
c o n f i g u r a t i o n  w i t h  3M adhes ive  2216 f l e x i b l e  epoxy. The magnets 
w i l l  a l s o  be a t t a c h e d  t o  the  i n s o l e .  The PBI r e s t r a i n t  s t r a p s  
w i l l  be provided f o r  u s e  a s  a  t i e  down d e v i c e  t o  keep t h e  loose  
end of t h e  s t r a p  s e c u r e  a f t e r  i t  p a s s e s  through t h e  s t a i n l e s s  
s t e e l  'ID" r i n g  assembly,  The i n s o l e  assembly w i l l  then  be bonded 
t o  t h e  s o l e  which i s  b u i l t  up i n  t h e  b a l l  and h e e l  a r e a s  t o  a c -  
commodate t h e  magnets,  The bonding of t h e  s o l e  and i n s o l e  w i l l  
g ive  a  f l e x i b l e  s o l e  assembly, 
The construction technique described above will provide a 
shuffler configuration that will be compatible for spacecraft 
environment. It is designed as primary footwear with a 9D nominal 
foot size. See Table VII-1, Fig. VII-2, and Fig. VII-3 for the 
final design configuration. 
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V I I I .  CONCLUSIONS 
The need e x i s t s  f o r  man t o  have a  m o b i l i t y  and r e s t r a i n t  d e -  
v i d e  f o r  use  i n  z e r o - g r a v i t y  environment t o  m a i n t a i n  body p o s i -  
t i o n  w h i l e  performing u s e f u l  t a s k s  and t r a n s p o r t i n g  o b j e c t s  t o  
d i f f e r e n t  l o c a t i o n s .  M o b i l i t y  and r e s t r a i n t  foo twear ,  known a s  
s h u f f l e r s ,  has  been des igned  t o  f u l f i l l  t h i s  need by u s i n g  p e r -  
manent magnet assembl ies  i n  c o n j u n c t i o n  w i t h  a  30-mil f e r r o u s  
f l o o r .  This concept  p rov ides  a  23- lb  d i s t r i b u t e d  normal h o l d i n g  
f o r c e  per  s h u f f l e r ,  8 l b  i n  t h e  b a l l  a r e a  o f  t h e  f o o t  and 15 l b  
i n  t h e  h e e l  a r e a .  
As t h e  name i m p l i e s ,  t h e  concept  uses  a  s h u f f l i n g  t echn ique ,  
o r  s l i d i n g  one f o o t  forward on a  low c o e f f i c i e n t  of f r i c t i o n  
s u r f a c e ,  m a i n t a i n i n g  c o n s t a n t  c o n t a c t  w i t h  t h e  f l o o r .  The p ro-  
p e l l i n g  f o r c e  w i l l  o r i g i n a t e  from t h e  high c o e f f i c i e n t  of f r i c -  
t i o n  s u r f a c e  i n  t h e  h e e l  a r e a  of t h e  f o o t .  The low c o e f f i c i e n t  
of f r i c t i o n  and h igh  c o e f f i c i e n t  of f r i c t i o n  m a t e r i a l s  a r e  Tef lon 
and Vi ton ,  r e s p e c t i v e l y .  The use  of t h e s e  m a t e r i a l s  i n  conjunc-  
t i o n  w i t h  t h e  d i s t r i b u t e d  a t t r a c t i v e  f o r c e  n o t  on ly  p rov ides  t h e  
u s e r  w i t h  s t a b i l i t y  i n  s h u f f l i n g  and performing t a s k s  bu t  all*ows 
easy  s e p a r a t i o n  from t h e  f l o o r  when f r e e  f l o a t  i s  d e s i r e d .  
A d e t a i l e d  f o r c e  a n a l y s i s  of d i f f e r e n t  p e r c e n t i l e  men p e r -  
forming v a r i o u s  t a s k s  r e v e a l e d  t h a t  t h e  l a r g e s t  normal h o l d i n g  
f o r c e  r e q u i r e d  f o r  s t a b i l i t y  was 13.6 l b .  Severa l  e v a l u a t i o n  
p r o t o t y p e s  were c o n s t r u c t e d  and t e s t e d  i n  s imula ted  z e r o  g r a v i t y ,  
The r e s u l t s  confirmed t h e  a n a l y t i c  work and showed t h e  s h u f f l e r  t o  
be a  workable concep t .  The t e s t s  a l s o  acqua in ted  t h e  d e s i g n  en- 
g i n e e r s  w i t h  c o n f i g u r a t i o n  d e s i g n  requ i rements  t h a t  were incorpo-  
r a t e d  i n  f i n a l  d e s i g n .  They a r e  a s  f o l l o w s :  
1 )  The s h u f f l e r  s o l e  must be f l e x i b l e  t o  pe rmi t  c o r r e c t  
o r i e n t a t i o n  of t h e  magnet a s s e m b l i e s ;  
2 )  The magnet assembly i n  t h e  b a l l  a r e a  o f  t h e  f o o t  must 
f l o a t  t o  a l low c o n s t a n t  c o n t a c t  w h i l e  s h u f f l i n g ;  
3)  A c l o s e d  t o e  cap i s  n e c e s s a r y  t o  permit  l i f t i n g  of 
t h e  t o e  a r e a  o f  t h e  f o o t  w h i l e  s h u f f l i n g ;  
4)  A r e s t r a i n t  s t r a p  i s  necessa ry  t o  l i f t  t h e  h e e l  
magnet from t h e  f e r r o u s  s u r f a c e ;  
5 )  P r o v i s i o n s  must be provided f o r  removal and r e p l a c e -  
ment of t h e  Tef lon  s u r f a c e  i n  t h e  b a l l  a r e a  of t h e  
s h u f f l e r  due t o  wear; 
6 )  D-ring f a s t e n e r s  a r e  p r e f e r r e d  over  b u c k l e s ,  s n a p s ,  .or 
v e l c r o  f o r  u s e  on t h e  r e s t r a i n t  s t r a p s ,  
V I I I  - 2  
There i s  a  wear problem as soc ia t ed  wi th  t h e  t e f l o n  covering 
of the  f r o n t  magnet assembly. This  in t roduces  t h e  maintenance 
problem of r ep l ac ing  the  worn t e f l o n  su r f aces .  We inves t iga t ed  
o the r  methods of applying a  low c o e f f i c i e n t  of f r i c t i o n  sur face  
t o  t he  magnet assembly but  because of t h e  l i m i t a t i o n  on time and 
c o s t ,  t he  t e f l o n  covering was re ta ined .  
Magnetic a t t r a c t i o n  has been used previous ly  a s  a  mob i l i t y  
device,  but  i t s  u s e  has been more o r  l e s s  confined t o  an e a r t h -  
o r i en t ed  g a i t .  Previous concepts o f t e n  used magnets a s  the  
a c t u a l  contac t  su r f ace  and s t i f f  s o l e s  f o r  t he  support  of t hese  
magnets, Test  s u b j e c t s  experienced a  s k a t i n g  e f f e c t  when they 
attempted t o  p rope l  themselves forward. The s h u f f l e r s  have been 
designed t o  e l imina te  t h i s  problem by in t roducing  va r ious  coef-  
f i c i e n t  of f r i c t i o n  su r f aces  throughout t he  s o l e  area.  The 
f l e x i b l e  s o l e  has been introduced t o  keep t h e  magnet a l igned  
wi th  t h e  f e r rous  su r f ace  a t  a l l  times. 
The two pro to type  a r t i c l e s  f a b r i c a t e d  a s  p a r t  of t h i s  con- 
t r a c t  have been f i n a l i z e d  a s  fol lows:  
1) S i ze  - The footwear i s  nominally designed f o r  8 9D 
f o o t ;  
2) Ma te r i a l  - The m a t e r i a l s  used i n  t he  s h u f f l e r s  a r e  
compatible w i th  spacec ra f t  environment and the  waters  
of a  n e u t r a l  buoyancy t e s t  tank;  
3) Don - The s h u f f l e r s  w i l l  s l i p  on a s  primary footwear; 
4) Magnets - Permanent magnets w i th  cons tan t  holding 
s t r e n g t h s  w i l l  be used i n  the  s h u f f l e r s ;  
I'? ' "  
5) Temperature - Temperature l i m i t a t i o n s  of t he  magnets 
a r e  -20°F t o  180°F, 
The c o n t r a c t u a l  requirements of provid ing  t h e  f i n a l  design 
f o r  t h e  pro to type  mob i l i t y  and r e s t r a i n t  footwear has  been f u l -  
f i l l e d .  Severa l  engineering eva lua t ion  models were f ab r i ca t ed  
and t e s t e d  by des ign  engineers  t o  achieve a  r e a l i s t j - c  and work- 
a b l e  footwear,  Tes t  f i lms  a r e  a v a i l a b l e  from Maynard C. Dalton, 
Technical  Monitor a t  MSC, Houston, o r  Arthur  A. Rosener, Program 
Manager a t  Mart in  Mar i e t t a  Corporat ion,  Denver, Fur ther  zero- 
g r a v i t y  t e s t i n g  on KC-135 pa rabo l i c  a i r c r a f t  f l i g h t s  o r  an e a r l y  
Apollo Appl ica t ions  f l i g h t  can be c a r r i e d  o u t  w i t h  reaponable a s -  
surance of success  without  modi f ica t ion  of t he  s h u f f l e r s .  
I X ,  RECOHNl3NDATIONS 
A, SHUFFLERS 
The wear problem a s s o c i a t e d  w i t h  t h e  t e f l o n  c o v e r i n g  on t h e  
f r o n t  magnet assembly i n d i c a t e s  t h a t  f u r t h e r  work i n  t h i s  a r e a  
shou ld  be accomplished,  We have i n v e s t i g a t e d  armalon cover ing ,  
t e f l o n  s p r a y ,  and p o t t i n g  t h e  permanent magnet assembly i n  t e f l o n ,  
The armalon cover ing  was q u i c k l y  worn through d u r i n g  t e s t i n g  and 
was r e j e c t e d  because t e f l o n  h a s  b e t t e r  wear c h a r a c t e r i s t i c s .  
T e f l o n  s p r a y  was r e j e c t e d  because we could  n o t  o b t a i n  a s  d u r a b l e  
a  c o a t i n g  a s  d e s i r e d ,  P o t t i n g  t h e  magnet assembly i n  t e f l o n  
in t roduced  a n o t h e r  problem. Because of t h e  c u r i n g  p r o c e s s  i n -  
vo lved  w i t h  such a n  o p e r a t i o n ,  t h e  magnet assembly would have t o  
be remagnet ized.  We f e e l  t h a t  w i t h  development, t h e  most p r o -  
m i s i n g  s o l u t i o n  would be t h e  t e f l o n  spray .  
It should be noted t h a t  t h e  s h u f f l e r s  f a b r i c a t e d  d u r i n g  t h i s  
c o n t r a c t  have been designed a s  pr imary footwear ,  I n  a c t u a l  
f l i g h t  usage ,  t h e  s h u f f l e r s  should be des igned a s  secondary f o o t -  
wear. I f  t h i s  were t h e  c a s e ,  a  s imple  donning and d o f f i n g  opera -  
t i o n  could  t a k e  p l a c e ,  e l i m i n a t i n g  t h e  need of exchanging two 
p a i r  of pr imary footwear .  
B, USE OF SHUFFLERS 
The r e s u l t s  o f  t h i s  c o n t r a c t u a l  s t u d y  i n d i c a t e  t h a t  f u r t h e r  
s h u f f l e r  t e s t i n g  would be u s e f u l  i n  a  z e r o - g r a v i t y  c o n d i t i o n .  
T h i s  t e s t i n g  should be performed f i r s t  on p a r a b o l i c  f l i g h t s  of 
t h e  KC-135 a i r c r a f t ,  I f  t h e  concept c o n t i n u e s  t o  look p romis ing ,  
a  s h u f f l e r  package should be i n c o r p o r a t e d  a s  an  exper iment  on a n  
e a r l y  Apol lo  A p p l i c a t i o n s  Program f l i g h t ,  The s h u f f l e r s  could  
be used i n  con junc t ion  w i t h  e x i s t i n g  scheduled exper iments ,  
The a n a l y s i s  has  i n d i c a t e d  t h a t  a  0.030-in. pure  i r o n  f l o o r  
w i l l  be r e q u i r e d  f o r  u s e  w i t h  t h e  s h u f f l e r s  i n  t h e i r  a r e a  o f  op- 
e r a t i o n ,  For t h e  z e r o - g r a v i t y  p a r a b o l i c  a i r c r a f t  f l i g h t s ,  a n  
18x156x0,030-in, i r o n  s h e e t  could be secured  t o  t h e  c e i l i n g  of 
t h e  a i r c r a f t  cab in ,  T h i s  i r o n  s h e e t  would weigh approximately  
23,2 l b  and should have s t r u c t u r a l  s u p p o r t ,  I f  i n c o r p o r a t e d  on 
a n  e a r l y  Apol lo  A p p l i c a t i o n s  f l i g h t ,  i t  would be v e r y  i m p r a c t i c a l  
LX-L 
to completely cover the existing grid-type floor design of the 
Orbital Workshop with a large piece of sheet metal, Therefore 
it would be desirable to use smaller pieces that can be easily 
stored or fastened in particular operational areas, This decreases 
the weight factor considerably and still allows experimental use 
of the shufflers. 
The area of the floor is directly associated with the type of 
work activity to be handled while using the shufflers, For exam- 
ple, with the work task board used in experiment M508 the astro- 
naut must work the experiments on the panel with his feet posi- 
tioned in a pair of immovable "Dutch" shoes. If these shoes were 
replaced with the magnetic shufflers and a ferrous surface, a 
direct comparison could be made between the two foot restraints. 
The work task board is mounted on the wall of the Orbital Work- 
shop approximately 40 inches from the grid floor and is 30 in. wide 
and 10 in. deep. Assuming a clearance on either side of the panel 
of 3 inches, a floor piece 36 in, long can be used in front of the 
panel. A larger dimension in this direction might lead to diffi- 
culties as far as spacing is concerned. With this sheet metal 
plate located in front of the panel, a width of 2 ft would be suf- 
ficient. Various combinations of this 2x3-ft area could be used 
to provide a ferrous surface that could be used with several 'other 
experiments such as the Human Vestibular Function Rotating Chair 
Assembly (M131) and the Metabolic Activities Bicycle Ergometer 
(M171), These two experiments involve two people, a subject and 
an observer. The observer in each case would be ideally suited 
to use the shufflers to move about and record what he saw during 
the experiments. 
We recommend that six separate pieces of the above dimension 
floor be incorporated into an experiment package for use in the 
workshop. This would enable an astronaut to have two 3x4-ft work 
area@ connected by a 6-ft walkway, Also, by aligning the floor 
pieces in a straight line, an astronaut could exercise the shuf- 
fling mode over a distance of 18 ft, 
The floor will consist of structural members sandwiched be- 
tween two grid networks, The grid network will be 4 in. thick 
and will have a uniform grid pattern throughout the floor area, 
This uniform pattern will allow the metal sheets to be used in 
nearly any orientation desired. 
Since the flat sheets must remain fairly flexible as far as 
location is concerned, they need not be attached permanently. 
The attachment to the grid-type floor could be accomplished in 
several ways, Some possibilities are magnets, spring clips, or 
clamps, They must leave the metal sheet relatively free from 
discontinuities on its surface so the astronaut could move about 
without stumbling, 
Consideration must be given to MS33586, Definition of Dissim- 
ilar Metals, since the ferrous sheet metal and the grid floor de- 
sign are made of different materials. As indicated by this mili- 
tary standard, the contact surfaces of dissimilar metals should 
be separated by a protective material to prevent galvanic corro- 
sion, Corrosion of the ferrous surface itself must also be con- 
sidered, These factors may lead to a thin protective coating of 
the iron sheet metal that would meet spacecraft compatibility re- 
quirements, This film will have to be considered in the magnetic 
circuit design, 
When the metal floor pieces are stacked and banded together, 
they will require little storage space, A container containing 
three pairs of magnetic shoes and the floor attachment devices 
could be fastened to the stack of metal plates, making a single 
packaged unit as shown in Fig, IX-1. 
The following is a weight breakdown of a proposed experiment 
package: 
24 fastener assemblies 
1 metal box 
2 fastening straps 
3 pairs of magnetic shoes 
The shufflers have been designed with and fabricated from 
materials compatible with spacecraft environment, No further 
development of the shufflers will be necessary to incorporate 
this as an experiment on an early Apollo Applications Program 
flight. 
Floor  Shee t ing  7 ( 6  s h e e t s )  
(2  p l a c e s )  
Fas ten ing  
Compartment a ~ ~ r r n a t i v e  Fas t ene r  
Bands 
Shoes Stowage -7 
Compartment 
( 3  places)  
1, 2 p laces)  
F ig .  IX-1 Mobi l i ty  and R e s t r a i n t  Footwear Experiment Package 
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X . APPLICABLE FORMULAS 
A. FORCE ANALYSIS 
Symbols 
acceleration ( f t / s e c 2 )  
d i s t a n c e  ( i n .  ) 
f o r c e  ( l b )  
a c c e l e r a t i o n  o f  g r a v i t y ,  3 2 . 2  f t / s e c 2  
moment o f  i n e r t i a  ( l b - i n . - s e c 2 )  
mass ( l b )  
normal  f o r c e  o r  a t t r a c t i v e  f o r c e  o f  magnet ( l b )  
t ime ( s e c )  
t o r q u e  ( f  t - l b )  
v e l o c i t y  ( f t / s e c )  
i n i t i a l  v e l o c i t y  ( f t / s e c )  
w e i g h t  ( l b )  
d i s t a n c e  ( f  t )  
r a d i a l  a c c e l e r a t i o n  ( r a d / s e c 2 )  
r a d i a l  d i s t a n c e  ( r a d )  
8 i n i t i a l  r a d i a l  d i s t ance  ( r ad )  
0 
w r a d i a l  v e l o c i t y  ( r ad / sec )  
w i n i t i a l  r a d i a l  v e l o c i t y  ( r a d l s e c )  
0 
P c o e f f i c i e n t  of f r i c t i o n  
B. MAGNETIC ANAZYS IS 
5. N = 0,577 B2 A (where the  cons tan t  0.577 9 s  a  conversion fat- 
t o r ,  A has u n i t s  of square inches ,  a d  B has u n i t s  of 
kFlogaus8) 
A c ros s - sec t ion  a rea  oE f l u x  pa th  perggadicular  t p  l i n e s  
of f l u x  (cm2) 
B f l u x  d e n s i t y  (gauss  @T i name l l s  p e r  Eiqwre cent imeter )  
F magnetomotive f o r c e  (gilberfs)  
H magnetizing fo rce  (ogrg teds)  
L length  of f l u x  paths  (cm) 
N p u l l  of magnetic on f e r rous  s u r f a c e  (1b) 
P permeance ( m ~ x w e l l s / g ( l b e r t s )  
t thickness  ( i n .  ) 
(P f l u x  or  l inas of fore@ (maxwells) 
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